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Chapter 1 
An Introduction to Arene Cluster Chemistry 
This chapter commences with a general introduction outlining the attraction of arene 
clusters and their importance within organometallic cluster chemistry, as well as identifying 
the broader implications associated with such compounds. Following this, a selective 
review describing the chemistry of arene clusters is provided. This incorporates synthesis 
and reactivity, structure and bonding, and spectroscopic properties. Analogies between 
clusters and surfaces are then outlined, with particular attention directed towards 
chemisorbed benzene. The final section focuses on the ruthenium-carbido carbonyl 
clusters, [Ru5C(CO)15] and [Ru6C(CO)17], with regard to synthesis, structure and 
reactivity. 
1. 1 Introduction 
The chemistry of transition metal carbonyl clusters has long since passed the point 
where only new metal geometries are of primary importance. Over the years, many 
specialist areas have emanated within the field of cluster chemistry invoking a range of 
disciplines. The systematic study of organonietallic compounds is a prominent example, 
and is usually sub-divided into categories according to the type of organic compounds 
involved. For example, arene cluster chemistry has recently emerged as an important entity, 
although the roots of the subject date as far back as the late 1950's. 
There is a rich chemistry associated with the arene ligand in monometallic and 
binuclear species. Complexes of virtually every transition metal have been prepared, with a 
wide range of elementary and bridging bonding modes observed (1 1 , 1 71 2 ,2 11 3 , 3 p4 ,4 p6,5 
Ii2-11 2 fl 2 ,6  '2fl3m3,7 12-r1 4 :11 4 , 7 '8  p2 6 fl 6 )7 '9  These aspects have been reviewed in 
several prominent articles. 5,10-12  Understandably, arene clusters are less well developed, 
but nonetheless reports are becoming increasingly frequent in the literature. 
All early examples of arene cluster compounds were prepared similarly, from the 
direct interaction of a metal carbonyl with appropriate arene solvent under reflux. A host of 
specialised synthetic techniques have since been developed to target arene clusters. It is not 
a straightforward task to classify the types of reactions used, but distinction can be drawn 
between reactions in which the arene is 'added' directly, and those in which other reagents 
are used in the first instance, and subsequently converted to an arene at some stage in the 
synthesis. In general, the former reactions are initiated by either thermolytic or photolytic 
means, and often involve a change of cluster nuclearity. The latter method is usually more 
selective, with the cluster core remaining intact. Reactivity of areiie clusters has centred on 
both nucleophilic substitution reactions on the metal core, and nucleophilic addition 
1 
reactions with the aromatic ring, which are also the primary reactions of monometallic 
analogues. 
The clusters produced are diverse. Three different bonding modes have been 
established by X-ray crystallography, these being T12'116  (terminal or apical) and t3-
1 2 :1 2 :1 2 (face-capping). Interconversion between the terminal and face-capping co-
ordination modes has been observed, and can be induced both chemically and thermally. 
The i34 2 : 2 :11 2  bonding mode has been the subject of extensive chemical, structural and 
theoretical investigations. 
Arene clusters present some intriguing structural aspects with respect to both the 
molecular and crystal structures. The arene ligand usually replaces three carbonyl groups 
over the cluster frame thereby giving rise to the possibility of structural isomers from the 
availability of different co-ordination sites on the metal framework together with the 
combination of the different bonding modes accessible. Analysis of the crystal structure of 
these compounds has afforded insights on the relationship between molecular shapes and 
organisation in the solid. It has been observed, for example, that arene groups tend to 
establish preferential interactions with each other in the crystal lattice. Structural non-
rigidity of arene clusters in the solid state is a common phenomenon, and reorientational 
processes in the solid state have been found to depend largely on the shape of the arene 
fragment. 
The use of discrete metal clusters as models of chemisorption systems in surface 
science is an attractive hypothesis which has been emphasised by numerous workers. 
Although the boundaries of the analogy are not, as yet, defined, cluster models have been 
of use in the interpretation of the lower resolution analytical techniques used to study 
surfaces. 
1. 2 Trinuclear arene clusters 
A large number of arene cluster complexes are known, and for this reason only a 
selection of the most important shall be described. Trinuclear clusters comprise of a very 
broad group of compounds in which both 1 6 and .t3-11 2 :1 2 :1 2 bonding modes have been 
observed. Clusters containing up to three areiie ligands have been prepared. The majority 
of trinuclear 116 bound derivatives are prepared by direct reaction with arenes. For example, 
heating the tricobalt cluster [RCC03(CO)9] with the appropriate arene results in substitution 
of three carbonyl ligands for the arene group yielding complexes of formula 
[RCC03(CO)6(11 6-arene)] (R = F, Me, arene = C6H4Me2, C6H3Me3; R = Ph, arene = 
C61­16, C6H5Me, C6H4Me2, C6H3Me3). 13 The reaction is completely reversible, hence 
removal of carbon monoxide is essential for a good yield. The co-ordinated arene has been 
found to readily undergo exchange with other arenes, and there seems to be no restriction 
as to which arene will exchange with that co-ordinated, providing it is in a large excess and 
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high temperatures are employed. The metal triangle is triply bridged on one side by the 
alkylidene group. One cobalt carries the 11 6 arene fragment, while the remaining two metals 
each possess three carbonyls. A similar derivative, based on the same metal frame, but with 
all nine carbonyl ligands replaced, is the tris-toluene complex [PhCC03(1 6-C6H5Me)3]. 14 
It is isolated in less than 1% yield from the reaction of the metal fragment [Co(11 6-
C6H5Me)(MeCN)I with toluene-cobalt co-condensates, together with large quantities of 
metallic cobalt. In a similar vein, direct reaction of [CO2(CO)81 with either benzene or 
toluene under reductive conditions, i.e. in the presence of AlBr3, yields [CO3(CO)2(71 6-
arene)3] (arene = C6H6, C6H5Me). 15 This compound was first reported in 1958, by two 
independent groups, 16  and although incorrectly formulated at that time, is probably the first 
arene cluster sited in the literature. The two carbonyl groups triply bridge the cobalt 
triangle, one on either side. 
The bridging of trinuclear 716  arene clusters seems to be a feature common to all the 
known examples, and could be important in stabilising the cluster unit. A further example, 
prepared using metal atom synthesis is the mixed-metal species [CO2Fe(CO)5(1 6-
C6H3Me3)2]. 17 Reaction of metal atom vapours generally leads to the formation of 
mononuclear species, which can be attributed to the conditions usually employed, i.e. 
excess of ligand. Alternatively, one would anticipate that if a high metal-to-ligand ratio is 
used metal aggregation should be favoured. However, a reduction in cluster formation has 
also been seen to occur when metal atoms are in excess, presumably due to catalytic 
decomposition of already formed complexes on active metal sites. These effects have been 
reduced by the reaction of metal atoms directly with organometallic compounds, thereby 
optimising cluster formation. In the preparation of 1CO2Fe(CO)5(r 6-C6H3Me3)21 co-
condensation of cobalt atoms with mesitylene and [Fe(CO)51 is used, and the bis-arene 
complex, [Co(1 6-C6H3Me3)21, is proposed as an intermediate. Each cobalt carries a 
mesitylene moiety, the iron atom bears three terminal carbonyls, while the two remaining 
carbonyl groups triply bridge either side of the metal triangle. 
Aromatic ligands have been known for some time to adopt 93 face-capping co-
ordination modes. The earliest complexes with this type of ligand were observed for the 
67t-electron ring systems cyclopentadienyl [C5H5] and cycloheptatriene [C7H7], 18 ' 19 
isoelectronic with benzene, and the 107t-electron aromatic moiety cyclooctatetraene 
[C8H8J 2 . 20 The 93 co-ordination mode was not observed for benzene until 1985, 
established in the carbonyl cluster complexes [Os3(CO)9(t3-1 2 :11 2 :11 2-C6H6)] and 
[Ru6C(CO)l1(1 6-C6H6)(93-11 2 :11 2 :71 2-C6H6)] (Figure 1.1).21  This latter species is 
described in more detail in Section 3.2 while the former complex together with its 
ruthenium analogue,22 which was prepared several years later, shall be discussed here. 
The synthetic route to the osmium cluster commences with the highly reactive 




Figure 1.1: 	The molecular structures of 10s3(CO)9(,.13-11 2:12:12-C6H6)] (a) and [Ru6C(CO)1 1(n 6 
C6H6)013-11 2 :11 2 :11 2 -C6H6)1 (b). 
[HOs3(CO)9(.1,3-11 1 :1 2 :11 2-C6H7)J, containing a cyclohexadienyl ring bound over the 
trimetal face. 23  A hydride is readily abstracted from the C61-17 ring using the trityl cation 
Ph3C][BF4], affording the cationic benzene cluster [HOs3(CO)9(p.3-T 2 :7 2 : 2-C6H6)]. In 
turn, this may be treated with the non-nucleophilic base 1,8-diazabicyclo[5.4.0]undeca -7-
ene (DBU) resulting in deprotonation of the metal triangle, giving the neutral benzene 
cluster [0s3(CO)9(93-11 2 :1 2 :11 2-C6H6)i. The characterisation of the I1311 2:1 2:11 2 benzene 
ligand stimulated extensive studies probing the nature of the ring, as well as prompting a 
search for a synthetic route to the analogous ruthenium complex. Since no hydrido 
analogue, viz. [H2Ru3(CO)1oj, is available, the activated cluster [Ru3(CO)lo(MeCN)21 
was used. Treatment of this bis-acetonitrile complex with cyclohexa- 1 ,3-diene affords the 
dienyl-cluster [HRu3(CO)9(93-71':11 2 :11 2 -C6H7)]. From here, the synthesis of 
IRu3(CO)9(.L3-rl 2 :T 2 :1i 2-C6H6)] parallels that developed for the osmium complex. In a 
more convenient route I.Ru3(CO)121 is treated with the oxidative decarbonylation reagent 
trimethylamine-N oxide in the presence of cyclohexa-1,3-diene; this yields both 
fHR113(CO)9413-11 1 :1 2 :11 2-C6H7)] and [Ru3(CO)9(93-1 2 :11 2 :11 2-C6I-I6)1 in a single step. 24 
The overall yield of the benzene complex can be increased by thermolysis of the dienyl 
intermediate, as opposed to using the method outlined above. The corresponding osmium 
cluster [0s3(CO)12] does not react in the same way, but from the reaction of the activated 
cluster, [0s3(CO)1 0(MeCN)2j, with cyclohexa- 1 ,3-diene the intermediate compound 
110s3(CO)lo(14-C6H8)] has been isolated. The diene ligand bonds to a single metal atom, 
replacing one equatorial and one apical carbonyl group. Conversion to the facially bound 
dienyl complex, and hence ultimately the benzene target compound, is achieved by 
thermolysis, although in modest yield. 
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From these reactions some mechanistic insights are apparent. It is clear that the 
'dehydrogenation' of the diene to benzene occurs in a stepwise fashion. It would appear 
that the diene complex, [M3(CO)10(1 4-C6148)J, is formed initially, although not isolated in 
the case of ruthenium. Elimination of CO forms the co-ordinatively unsaturated species 
I M3(CO)9(11 4-C6H8)1 which then undergoes a C-H bond cleavage of the ring, coupled with 
M-H bond formation to generate the dienyl system. From here, cleavage of a further ring 
C-H bond, and removal of the metal-hydride affords the benzene cluster. 
The synthesis of the tricobalt clusters, [(CpCo)3(i3-1 2 :Tl 2 :1 2-arene)i,25 is quite 
different from that of the ruthenium and osmium clusters. Instead of generating an arene 
molecule on the metal cluster, a metal cluster is assembled on the arene. To achieve this, 
substituted styrene derivatives are treated with [CpCo(C2H4)2] or [CpCo(C6Me6)], both 
good sources of CpCo complex fragments. The yields of these one step reactions depend 
on the arene used. It would appear that the 1-alkenyl group on the ring serves as a 'landing-
strip' for the first complex fragment, which is probably co-ordinated to the double bond of 
the side chain, prior to attacking the aromatic it-system. Further CpCo complex fragments 
must attack in a syn position to the first Co atom, ultimately leading to the appropriate 
trinuclear cluster. 
The solid state structures of [M3(C0)94t3-71 2 :71 2 :11 2-C6H6)] (M = Ru, Os) have 
been established by single crystal X-ray diffraction. 21 '22 Data for the ruthenium species 
have been collected at room temperature and 193 K, 26 thus allowing for both comparisons 
between the ruthenium and osmium clusters, and a comparison of structural features and 
behaviour with temperature. The most imposing feature of the face-capping benzene ligand 
in the ruthenium and osmium complexes is the alternation of 'long and short' bonds about 
the C6 ring, reminiscent of the hypothetical I ,3,5-cyclohexatriene molecule. The long 
bonds lie over the metal-metal bonds, while the short bonds interact directly with the metal 
atoms. In the case of the ruthenium analogue, C-C bonds average 1.45(1), 1.40(2) and 
1.45(1), 1.41(1) A at room temperature and 193 K, respectively. The difference between 
the bonds [0.05 and 0.04 A] is much less than that observed in the osmium complex [long 
1.51(4), short 1.41(3) A, A = 0.10 Aj but the larger estimated standard deviations 
associated with this latter complex makes this difference less significant. In the tricobalt 
clusters the same distortions are apparent, however, the differences are even smaller [A = 
0.03 A].25a In the ruthenium cluster the values of the C-C-C angles also alternate between 
small [mean 119.3(4)*] and large [mean 120.6(5)°] in contrast with the ideal value of 120°. 
This difference is correlated to the Ru-C interactions which also alternate in length [mean 
2.361(5) and 2.303(5) A, respectively] the short distances associated with the carbon 
atoms forming a C-C-C angle of less than 120°. Consequently, a slight displacement in the 
orientation (approximately 4.5°) of the ring from exact eclipsing of the double bond 
midpoints over the ruthenium atoms is present. This effect is not seen in the osmium 
analogue. Direct location of the hydrogen atoms in the ruthenium clusters reveals that they 
are displaced out of the plane of the ring away from the metal framework, the C-H bonds 
forming an average angle of 21.1° and 21.5° with the ring, for the room and low 
temperature determinations, respectively. 
Such structural features suggest a certain degree of localisation within the C-C 
bonds of the J13-T1 2 :112 :11 2 C61­16 moiety, and Fenske-Hall calculations have been used to 
assess their electronic basis. 26'27 Mixing of the HOMO and LUMO orbitals of the arenes 
occurs in such a way that the three C-C bonds which eclipse the metal atoms are shortened, 
whereas the others are lengthened. The bending of the arene C-H bonds, away from the 
metal cluster, can also be understood. This effect was originally accounted for in 
mononuclear arene compounds, in which the arene it-orbitals overlap more effectively with 
those of the metal atoms if they reorientate slightly. 28 
The spectroscopic properties of the T1 6  and 1312:12 :rl 2 bonding modes for benzene 
are quite different. 27  The two co-ordination types may be readily distinguished by n.m.r. 
spectroscopy, with resonances for the face-capping ligand found at substantially lower 
frequencies in both the 1 H and 13 C n.m.r. spectra. For example, in the 1 H n.m.r. 
spectrum, singlet resonances are observed at 6 4.56 and 4.42 ppm for the ruthenium and 
osmium clusters, respectively, this compares with typical values between 6 5.5 and 6.5 
ppm for T1 6  terminal ligands. Both co-ordination types are found in the bis-benzene cluster 
and singlets are observed at 65.54 and 4.14 
ppm for the proton resonances of the terminal and face-capping benzene ligands, 
respectively. 21 The 13C n.m.r. spectrum of [Os3(CO)9(93-11 2 :Ti2 :1 2-C6H6)] has also been 
recorded and a single resonance for the ring carbons is observed at 6 38.15 ppm. 27 This 
value is significantly different from that observed for an 1 6 C61­16 group, for example, the 
two isomers of [RuOs5(CO)15(71 6-C6H6)] exhibit singlets at 6 86.3 and 85.6 ppm. 29 The 
source of these shifts is poorly understood and has been discussed in terms of metal-ligand 
bond anisotropy, modifications of ring current contributions, changes in hybridisation at 
the ring carbon atoms and electron density changes. 30 Most notable is the metal-to-arene 
back-bonding (thereby increasing the it-electron density at the ring, and increasing p-
character for the ring carbon atoms) which has been invoked to explain the increased 
shielding of the 'C and 1 H nuclei. Infrared spectroscopic studies indicate that 1)(C-H) 
modes for the terminal and face-capping ligands also occur at significantly different 
energies. 27 Vibrational modes of al/e  symmetry are found at 3125/3118 cm - ' and 
3100/3065 cm-1 for the 1 6 and 9312 :r1 2 :T1 2 C6H6 ligands in [Ru6C(CO)11(11 6-C6H6)(p.3-
1 2 :11 2 :T1 2-C6H6)], respectively. These results have been interpreted in terms of partial 
rehybridisation (sp 2 -_-) sp 3) as a consequence of increased it-acceptance from the cluster. 
A detailed study probing the reactivity of [Os3(CO)9(13-7I 2 :Tl 2 :7l 2-C6H6)] has been 
carried out, and is depicted in Scheme 1.1. The reactivity of the face-bound ring has been 
on 
investigated, 31  and has been found to undergo nucleophilic addition reactions, in keeping 
with the 16  arenes in mononuclear complexes. The triosmium benzene cluster reacts rapidly 
with good hydride donors, typically Li(BHEt3) or [NEt4][BH4], in thf at -78°C to afford 
the anionic cluster 0s3(CO)9413-Tl 1 :11 2 :11 2-C6H7)1 stabilised as the [N(PPh3)2] salt. 
Exo-attack of the hydride has been established by deuterium labelling experiments. 
Abstraction of the hydride from this anionic cluster is possible by treatment with 
Ph3C][BF4] in dichioromethane at -78°C, regenerating the benzene cluster. Alternatively, 
the anionic complex can be protonated with HBF4.Et20 to produce the dienyl compound 
IIH0s3(C0)9(13-1 1 :11 2 :11 2-C6H7)i; as mentioned earlier, this may also be treated with 
[Ph3C] [BF4] to produce the cationic complex [HOs3(CO)9(93-7 2:1 2 :T 2-C6H6)1. This 
cationic benzene cluster can also be generated from [Os3(CO)9(.t3-11 2:fl 2 :1'l 2-C6H6)] by 
treatment with HBF4.Et20, and the reverse reaction induced using DBU. Functionalised 
cyclohexadienyl complexes, [0s3(C0)4t3-11 1 :Tl 2 :11 2-C6H6R)] (R=Me or Ph) have also 
been isolated (as a result of exo-addition) from the reaction of the benzene cluster with 
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Scheme 1.1: Reactivity of 10S3(CO)9(93-71 2:i 2:i 2-C6H6)]. 
Substitution reactions on the metal framework have been investigated on the 
triosmium cluster,32  they involve activation of the cluster by substitution of CO for a 
'labile' ligand, usually acetonitrile, and subsequent displacement for the appropriate group 
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(a technique well documented throughout transition metal carbonyl chemistry). The 
activated benzene cluster [Os3(CO)8(MeCN)(t3-11 2:1 2 :1l 2-C6H6)] has been isolated from 
the reaction of equimolar quantities of [0s3(C0)9(.t3-1 2 :Tl 2 :1 2-C6H6)] and Me3NO in 
acetonitrile. Two-electron donor ligands (L) such as CO. PR3 and alkenes readily displace 
the labile acetonitrile ligand forming equatorially substituted derivatives, 10s3(C0)8(L)(t3-
12:T12:712-C6H6)1, which retain the face-capping benzene ligand. With ethylene or styrene, 
Ti-bound alkene complexes result. The molecular structure of the ethylene derivative is 
based on that of the triosmium benzene starting material in which an equatorial carbonyl 
group is replaced by a symmetrically co-ordinated ethylene molecule, displaced slightly 
from the metal plane towards the benzene ring (Figure Variable temperature 'H and 
n.m.r. and 'c 213-exchange spectroscopy show that 10s3(C0)8(1 2-CH2CH2)4t3-
r12:12:112-C61 ­16)j undergoes five fluxional processes in solution, 34 these rearrangements 
are all intramolecular and in combination have been described as 'helicopter like' motions, 
the benzene and ethylene rotation being synchronised. 
Figure 1.2: The molecular structure of [0s3(CO)8(11 2-C21­14)(13-T, 2 :112 :11 2-C6H6)]. 
10s3 (CO)8(i 2-CH2CH2)(.t3-T1 2 :1 2 :1 2-C61-16)] may undergo further reaction with 
Me3NOIMeCN to produce the activated cluster 10s3(C0)7(71 2-CH2CH2)(MeCN)013-
112:112:12-C6H6)]. Treatment of this activated species with alkynes (C2RR') affords the 
complexes [053(C0)7(11 6-C6H6)(93 :11:112:711  -C2RR')] (R=R'=H,Ph or Me; R=H, R'=Ph; 
R=Me, R'=Et) in which the benzene has migrated to a terminal position, the osmium 
thangle being capped on one side by an acetylene. 32 
In contrast to [0s3(C0)9(93-11 2 :11 2 :1 2-C6H6)] the ruthenium analogue does not 
readily undergo substitution reactions. However, direct reaction with acetylenes affords the 
cluster IIRu3(CO)7(1 6-C6H6)(93:1 2-RC2R'CO)] (R=R'=Me,Ph or H; R=Ph, R'=H), 35 
similar to the osmium complex, except that a carbonyl group has been inserted between one 
of the Ru-C T1'-interactions of the acetylene. 
Photo-induced isomerisation of [Os3(CO)9..(L)(J..t3-T1 2 :11 2 :T 2-C6H6)1 [n = 0, 1 or 
2; L = CO, PPh3, or P(OMe)31 to the t3 benzyne compounds [H20s3(CO)9.. n (L) n (t3-
11':12:71'-C6H4)] which occurs at room temperature. This reaction mimics the 
interconversion of the associatively and dissociatively chemisorbed states of benzene on 
low Miller index surface planes of a metallic lattice (see Section 1 .5).36  The carbonyl 
derivative, has been structurally characterised by X-ray diffraction, 37 and the benzyne 
ligand found to lie over one edge of the triangle such that the dihedral angle between the 
plane of the ring and that of the triangle is 63.9°. 
1.3 Tetranuclear species 
Arene cobalt clusters with a nuclearity of four have been particularly well 
developed. Their preparation is relatively straightforward; heating [CO2(CO)8] or 
[C04(CO)12] in arene solvent, or hexane containing excess arene usually results in the 
formation of r1 6  species of the type [Co4(C0)9(T16-arene)1 (arene = C61 ­16, C6H5Me, 
C6H4Me2, C6H3Me3, C201­114 [triptycene]). 38 '39  Although no mechanistic information is 
available, a stepwise expulsion of the carbonyl ligands, together with the simultaneous 
addition of the arene ring can be envisaged. Two types of reactions have been studied with 
this system,40  firstly, displacement of the arene by reaction with strong nucleophilic 
reagents, and secondly, carbonyl group substitution with phosphine ligands. 
Thermolytic activity has also been successfully employed in the preparation of a 
tetraruthenium butterfly cluster. 4 ' Heating [Ru3(CO)12] in octane containing cyclohexa-
1,3-diene yields [Ru4(C0)9(11 6-C6H6414-C6H8)] as the major product (see Figure 1.3). 
The C61­18 group lies between the wing tips of the butterfly and interacts with all four metal 
atoms, while the benzene bonds terminally to a single hinge ruthenium atom. A tetrakis 
Figure 1.3: The molecular structure of [Ru4(C0)9(11 6-006)(114-008)]. 
i 
arene cluster tentatively formulated as [H4Ru4(T 6-cymene) 4] has been prepared from the 
chioro-bridged dimer [(1 6-cymene)RuC1 212 by reduction with zinc under ultrasound. 42 
Tetrahedral osmium clusters derived from [H40s4(CO) 121, viz. [H20s4(C0)11(1 4-C6H8)], 
IIH20s4(CO)1 0(116-C61­16)1 and [0s4(C0)9(1 6-C6H6)(T14-C6H8)] are chronicled in Section 
2.1. 
1.4 High nuclearity arene clusters 
High nuclearity arene clusters (high nuclearity referring to clusters with five or 
more metal atoms, since this is where the effective atomic number rule often breaks down) 
have only become commonplace over the last few years. Several species have been 
prepared based on the hexaruthenium octahedral cluster system, viz. [Ru6C(CO) 1 4(71 6-
arene)] (arene = C6H6, C6H5Me, C6H4Me2, C6H3Me3) 43 and [Ru6C(C0)11(7 6 -
C6H6)(t3-T 2 :1 2 :T1 2 -C6H6)], 27  which are documented in Sections 3.1 and 3.2, 
respectively. 
Some pentanuclear and hexanuclear arene clusters of osmium have recently been 
reported in the literature, 44-46 and are illustrated in Figure 1.4. The method by which all 
these osmium complexes are prepared is similar, involving ionic coupling of an appropriate 
dianionic cluster unit with the dicationic fragment [0s(r1 6-C6H6)(MeCN)3] 2t47 For 
example, reduction of [H40s4(CO)12] by excess potassium-benzophenone in thf yields the 
dianion IH40s4(CO)1 11 2.  which on treatment with the capping fragment results in the 
formation of [H40s5(CO) ii (1 6-C6H6)] and [H40s5(C0) 1 2(fl 6-C6H6)] in good yield. 44 
The former complex is based on a trigonal-bypyramidal arrangement of osmium atoms, 
whilst the metal disposition of the latter species is that of an edge-bridged tetrahedron. 
Although these two clusters have not been found to undergo interconversion, an 
intermediate compound, [H40s5(C0) j 1 (116-C6H6)(MeCN)], which also contains an edge-
bridged tetrahedral core, has been postulated. Such an intermediate conveniently explains 
how [FLOs5(CO)12(rl 6-C6H6)] may be trapped by scavenging carbon monoxide, or 
alternatively, loss of acetonitrile yields [H40s5(CO) 1 1(T16-C6H6)]  with a rearrangement of 
the metal framework. Extending the capping technique, reduction of [H40s5(C0) i 1(11 6-
C6H6)] with DBU affords the dianionic cluster, [H20s5(C0) 1 1(16-C6H6)12,  which reacts 
with the capping fragment 0s(7I6-C6H6)(MeCN)3i 2 to yield the bis-benzene species 
[H20s6(CO)1 i(rl 6-C6H6)Q13-12 :1 2 11 2-C6H6)]. 45 It is worth noting that although the metal 
core is different from that in [Ru6C(CO)ll(1 6-C6H6)(93-1 2 :11 2 11 2-C61­16)], being a 
bicapped tetrahedron, the benzene co-ordination remains the same. Analogously, reaction 
Of [0s5(CO) 1 2(T 6-C6H6)] 2  with the osmium fragment yields 10s6(C0)1 2(T16-C6H6)21 ,46 
here both benzene groups bond to the cluster via 16 interactions. 
Very few arene clusters with a nuclearity higher than six have been reported. 4851 











Figure 1.4: 	The molecular structures of 11440s5(CO)120 6-C6H6)1 (a), [H40s5(C0)l1(11 6-C61-16)] 
(b), [H20s6(CO) lI(fl 6-C6H&(113-11 2 :11 2:12-C6H6)1 (c) and [0s6(CO) 12(q 6-C6H6)2] (d). 
the arene ligand is somewhat incidental. Examples include the heptanuclear cluster, 
[Ru7(CO)15(p.4-PPh)2(l1 6- C6H5Me)1, 48  and the octaruthenium species [Ru8(p6-
S)(C0) 17(T6-C6H5Me)] ,49  and [Ru8(48-P)(CO) 19(t2 -1 ':T16-CH2C6H5)] • 50 The metal 
core of the latter complex constitutes a square- antiprism, the benzyl ligand is co-ordinated 
to two ruthenium atoms involving a direct a-interaction with the methylenic carbon atom 
and an 16  co-ordinated C6 ring. Perhaps the most novel cluster in this category is the 
mixed-metal species ICu2Ru6(CO)18(11 2-C6H5Me)21 consisting of an octahedral ruthenium 
core bicapped on opposite faces by the copper atoms. 5 ' Each copper atom carries a toluene 
ligand bound in an 1 2  fashion. These toluene groups are apparently introduced into the 
system during the crystallisation of [Cu2Ru6(CO) 1 8(MeCN)21. 
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1 . 5  Clusters as models for surfaces: the analogy between arene clusters 
and the chemisorption of arenes on metal surfaces 
Shortly after cluster chemistry had emanated from its infancy, analogies between 
metal clusters and metal surfaces were proposed. 52 It was speculated that clusters would be 
found to act as catalysts with novel properties. The reasoning for this stemmed from the 
fact that clusters have reactivities different from mononuclear complexes, presumably 
because clusters have neighbouring metal centres. There is little evidence now available to 
suggest that catalysis by metal clusters is of practical importance. 
The validity and limitations of the cluster-surface analogy will be described in the 
following, paying particular attention to parallels between benzene when co-ordinated to a 
cluster and when chemisorbed to a metal surface. Whatever the limitation of this analogy, it 
is worth emphasising that surface scientists depend on comparisons between the vibrational 
spectra of molecular metal clusters (characterised by crystallography) with spectra obtained 
from adsorbed species, in order to determine the structures of adsorbates on metal 
surfaces. 53  Thus, although the original expectations have not been fully realised, i.e. 
clusters used as catalysts, clusters are crucial to surface science. 
A detailed, quantitative assessment of the cluster-surface analogy, largely concerned 
with structure and bonding between metal clusters and metal surfaces has been carried 
out. 54  The results suggest that the critical elements are size, co-ordination number, 
structure and stereochemistry, thermodynamics and ligand mobility. Each of these features 
will be dealt with in turn. 
Discrete molecular clusters are only submicroscopic fragments when compared to a 
metal surface. Therefore, at first site it would not seem plausible that clusters with a 
nuclearity between three and ten could mimic surfaces. Calculations indicate that a cluster 
of metal atoms becomes metal-like at nuclearities ranging from 25-50 atoms (depending on 
the metal) and therefore small clusters are not metal-like. 55 Alternatively a single crystal 
metal surface can be considered to be a massive cluster molecule, in which local atomic and 
electronic structure is influenced by more distant atoms in both the surface and the bulk of 
the metal. 56 However, it has been pointed out that the cluster-surface model is not 
dependent on this comparison, rather a comparison between a discrete molecular metal 
cluster with a periphery of ligands, and a metal surface with a similar set of ligands 
chemisorbed at the surface. 54 There does not appear to be any fundamental difference 
between the valence electron properties of the metal-ligand bond in the two regimes. 
Metal atom co-ordination is uniformly higher for atoms in surfaces than for atoms 
in clusters. Consider the surface metal atoms in a close-packed array, the co-ordination 
number ranges from a maximum of nine through to six for a small number of surface sites 
(i.e. steps and kinks) in a high Miller index plane. In clusters, the inter-connectivity 
between metal atoms is relatively low, two in triangular, three in tetrahedra, four in 
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octahedra, five in some of the larger polyhedra to a maximum of seven. The trend is 
reversed for metal to ligand interactions, connexities for metal atoms in clusters is large, 
typically three to five, whereas for surface metal atoms the connexities of one or less are 
usual. In large clusters the ligand to metal ratio can drop, for example in [Rh13(CO)24H3] 2-
the connexity is about two, while in [Pt19(CO)12] 2  the ratio drops below one. 57 These 
differences between the two systems represent a fracture in the analogy for smaller clusters 
(nuclearity of 3 to 12) but not for some of the larger clusters. However, the significance of 
these differences becomes less critical when placed by the side of the discrepancies in the 
structural features and binding energies for ligands bound to molecular clusters or metal 
surfaces. 54 
The metal skeletons of high nuclearity carbonyl clusters are frequently structurally 
comparable to fragments of bulk metal lattices; for example [OsioC(CO)241 2-  and 
IRhi4(CO)25} 4  can be recognised as fragments of face-centred cubic 58 and body-centred 
cubic59  packing, respectively. Clusters of lower nuclearity are typically deltahedra and their 
metal core configurations may be regarded as microscopic fragments of a metal lattice. 
Structural comparisons between chemisorbed and co-ordinated groups are 
optimised when the metal, ligands, and ligand coverage correspond. 54 Crystallographic 
comparisons are also favoured under these conditions, however clusters are poor models 
for flat (or nearly flat) surfaces, and better comparisons are applicable with chemisorbed 
molecules on high Miller index planes, where not only is the metal-metal co-ordination 
number for surface atoms less than on low Miller index planes where there is close 
packing, but also where there are irregular features, namely steps and kinks. As the surface 
becomes more complicated, the number of surface techniques available decreases, making 
definitive structural analysis of the chemisorbed state more problematic. In general, 
however, if a ligand bonds to a cluster in a more elaborate multicentre fashion than to a 
single metal atom complex, it is feasible to expect a similar interaction on a metal surface. 
This is exactly what is observed for the benzene ligand, and other arenes, and shall be 
addressed shortly. 
Thermochemical data for metal-metal interactions in metal clusters and surfaces is 
not easily accessible. Calorimetric data for the bond energies in the two regimes are 
frequently close, 54 '60  yet assumptions such as surface metal-metal bond energies are equal 
to those in the bulk metal make accurate quantitative comparisons impossible. The size of 
these energies, however, is small compared to the metal-ligand energies in the two 
systems. Metal-ligand bond energies are far more easily probed, and are much more 
reliable. For the carbonyl ligand, energies are typically 30-50% smaller for the chemisorbed 
state, but increase as the crystallography alters from densely packed to more open planes, 
i.e. as the metal connectivity approaches that typical of the cluster. 61 
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Spectroscopic, calorimetric and kinetic studies of metal clusters and surfaces have 
demonstrated, in some instances, that the ligands and chemisorbed molecules are 
niobile. 54 '60  Two possible mechanisms have been invoked to explain this phenomenon. 
Firstly, a dissociation process in which all the bonds between the cluster framework and 
ligand, or metal surface and chemisorbed species are broken. Alternatively, a non-
dissociative process in which the molecule migrates about the periphery of the cluster or 
surface. Migration of an organic moiety on a metal surface is of considerable importance 
with respect to catalysis. Clearly, ligand mobility on metal surfaces that have less than 
monolayer coverage cannot be simulated in metal clusters, because virtually all known 
metal clusters are co-ordinately saturated, hence a localised migration is unfavourable and 
concerted motions are the norm. For a metal surface with less than monolayer coverage, 
ligand migrations have been identified. At full monolayer coverage ligand migration rates 
decrease markedly since concerted motions are required. 
To reiterate, smaller clusters are poorer models of metal surfaces, although it is 
these clusters which are particularly pertinent to the surface scientist, since these are the 
ones which have a more extensively developed organometallic chemistry. Also, the cluster-
surface analogy has been largely confined to structure and bonding. Very recently the 
analogy has been extended beyond structure and bonding, 62 '63 with reference between 
metal carbonyl clusters and metal surfaces with adsorbed carbon monoxide. In both 
systems, bridging carbonyls have been observed to undergo dissociation into carbido and 
oxido ligands, an important step in the Fischer-Tropsch reaction catalysed by metal 
surfaces. 
In the previous section, it was shown that three bonding types (1I2, 1 6 and J.t3-
1 2 :1 2 :1 2 ) have been identified for arenes in metal clusters, established by both 
spectroscopic and crystallographic means. For metal surfaces, various adsorption sites 
have been recognised, some controversially, and the most important are illustrated in 
Figure 1.5, these being the so called 'Hollow' (C3uad or C3 1)0u ), 'On top' (C6u) and 
'Bridge' (C2u) symmetry sites. 64 In each case, the chemisorbed benzene remains intact, 
lying parallel to the metal surface. Benzene molecules have been observed in bridged sites 
on Pt(11l) and Pd(l11) crystal faces, 65 '66 and in a hollow C3 y d site on Rh(1l1) 
surfaces,67  both sites requiring the presence of CO. It would therefore appear that the co-
chemisorption of C6H6 and CO generates new benzene arrangements (i.e. hollow and 
bridge sites) not present when benzene is adsorbed alone; this has been attributed to metal 
mediated charge transfer effects from benzene to CO. 68 
The C6 ring of benzene in a hollow site is expanded, and exhibits in-plane Kekulé 
distortions; C-C bond distances alternate between 1.31(15) and 1.81(15) in 
Rh(1 1 1)/C6H6/CO,69  the short bonds lying above single metal atoms while the long C-C 









analogous .t3-T1 2 :1 2 :Tl 2 benzene in metal clusters, although there are differences in the 
extent of localisation. In the trinuclear clusters, tIM3(CO)9(93-1 2 :T 2 : 2-C6Fl6)J (M = Ru, 26 
Os)21 , the difference between the long and short bonds of the benzene ring is 0.05 and 
0.10 A, respectively. This compares with A = 0.50 A for the Rh(111)/C6H6/CO system, 
however, the associated estimated standard deviations makes this difference less acute. It is 
possible that the size of the alternation in bond length is correlated to the size of cluster, a 
single crystal metal surface representing a giant cluster system. Comparison of the benzene 
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Figure 1.6: 	A comparison of the bonding geometries for benzene on a Rh(11 1) metal surface (a) and 
on the triruthenium cluster (b). 
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bonding geometries is displayed in Figure 1.6. The Rh-C bond distance of 2.35(5) A is 
strictly comparable to the mean M-C bond lengths of 2.33(1) and 2.33(3) A in 
1M3(CO)90.13-1 2 :11 2 :11 2-C6H6)] (M = Ru, Os, respectively). A further similarity between 
the two regimes is the out-of-plane bending of the C-H bonds away from the metals. The 
angles formed are 200  and  21.50  for the Rh(1 11) and Ru3 units, respectively, these effects 
presumably resulting from rehybridisation of the ic-system to maximise overlap with the 
metal based orbitals. 70 
The chemical reactivity of the triosmium benzene cluster provides an insight into 
some aspects of the surface chemistry of benzene. For example, at elevated temperatures a 
metal surface with less than 0.33 of a monolayer coverage of benzene may undergo 
reversible C-H bond cleavage. 71 In comparison, [Os3(CO)9(13-1 2 :11 2 :1 2-C61-16)] 
undergoes efficient photo-induced isomerisation to the benzyne complex [H20s3(CO)9(p.3-
1: 112:l.C6I.L)]36 It has been proposed that photolysis generates a vacant site at osmium 
(mimicking the inherent co-ordinative unsaturation of a metal surface) and that this 
transformation offers an attractive model for the interconversion of associatively and 
dissociatively chemisorbed benzene. 72  As a final example, toluene and mesitylene have 
been observed to undergo a C-H bond cleavage at the methyl group in the high nuclearity 
ruthenium clusters, [HR116(11 2-.t4-CO)(CO) 13(92 -71 1  :jj6-C6H3Me2CH2) ,73 and I. Ru8(8-
P)(CO)19(p.2-1':T 6-CH2C6H5)i. 50  This has also been identified to occur thermally for 
toluene on a Pt(1 II) surface. 74 
1.6 A brief account of the carbido carbonyl clusters [Ru5C(C0)15] and 
I Ru 6C (C 0)171 
Since this thesis is largely concerned with reactions based on the carbido carbonyl 
clusters [Ru5C(CO)15] and [Ru6C(CO)171 some comments regarding their synthesis, 
structure and reactivity shall be outlined. Metal clusters containing interstitial atoms (usually 
C, H, N, P, and 5) represent an important class of compounds within cluster chemistry. 75 
A large range of these materials are now known, and the carbido clusters of the iron triad 
metals represent a particularly well developed group. 76 The pentairon cluster, 
[Fe5C(CO)1 5],77 was infact the first example of a cluster containing an interstitial atom to 
be isolated, followed shortly afterwards by the hexaruthenium species [Ru6C(CO)17]. 43 '78 
Since these evolutionary compounds were prepared, an array of clusters ranging from 
IIM4C(CO)131 (M = Fe,79 Ru)80 to [M10C(CO)24] 2  (M = Ru, 81 Os)58 have been 
established. Larger double-carbido complexes such as [Ru1ØC2(CO)24] 2  and 
(Rh1 2C2(CO)251 are also quite prevalent. 82,83 
The incentive for investigating such compounds derives from several sources. In 
low nuclearity clusters the carbido atom is partially exposed, and under these circumstances 
the atom has been found to undergo reactions, including those which mimic the role played 
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by surface bound carbon atoms in metal catalysed carbon monoxide hydrogenation. 84  The 
most important aspect, with regard to the work described in this thesis, is that the interstitial 
carbon atom tends to confer stability to the cluster framework so that during substitution 
reactions, the cluster unit usually remains intact, or at least its rearrangement is 
restricted. 76 '84  Hence, carbido clusters are useful materials for systematic organometallic 
studies, merely behaving as a site for co-ordination and reaction of ligands, without 
actively participating in the process. 
Several methods are available for the preparation of [Ru6C(CO)17];43'85-87  the most 
convenient is the autoclave reaction between IRu3(CO)121 and ethylene (30 atmospheres) in 
heptane. 85  The precise mechanism of this reaction is not known, although the source of the 
carbido atom has been identified as a carbonyl group. 88 The structure of [Ru6C(CO)1711 
was first determined from a visual estimation of diffraction intensities obtained from 
Weissenbiirg rotational photographic data. 78 Not only was the octahedral metal geometry 
encapsulating a centrally disposed carbido atom established, but the carbonyl ligand 
distribution was also modelled. In Section 5.2 the re-determination of the molecular 
structure of [Ru6C(CO)17] in two polymorphic forms is described, and the differences 
between the orientation of the carbonyl groups in the structures are assessed qualitatively. 
Rationalisation of the structure of [Ru6C(CO)17] by Wade's rules is straightforward. 89 
There are 86 valence electrons in total, and 72 of these are involved in metal-to-ligand 
bonding. This leaves 14 electrons, or, 7 skeletal electron pairs, yielding a closo (n + 1) 
cluster. 
The pentaruthenium cluster [Ru5C(CO)151 is synthesised together with [Ru(CO)5] 
from [Ru6C(CO) 17]  in high yield by a degradative carbonylation reaction under carbon 
monoxide gas (90 atmospheres) in heptane. 90 The metal atom core comprises of a square-
based pyramid, with the carbido atom occupying the centre of the square-base, protruding 
0.11 A below the Ru4 plane.90 In terms of Wade's rules, 89 a total of 74 valence electrons 
are associated with the cluster, less 60 for metal-to-ligand bonding, leaving 14 electrons, 
i.e. 7 skeletal electron pairs. Clearly the cluster is a nido (n + 2) structure. The structures of 
IRu5C(CO)151 and [Ru6C(CO)17] are illustrated in Figures 1.7 a and b, respectively. 
A fundamental reaction of [Ru5C(CO)151 is nucleophilic addition with small organic 
molecules causing cleavage of one metal-metal bond. 90 '91 Reagents such as carbon 
monoxide or acetonitrile attack at a basal ruthenium atom, causing cleavage of a basal-to-
apex metal-metal bond, hence generating a bridged-butterfly (or trigonal bipyramid) cluster 
unit (Figure 1.7c). The reaction is easily reversed, and removal of the nucleophilic source, 
reforms the square pyramidal core. Nucleophilic substitution reactions are important for 
both the pentanuclear and hexanuclear carbido clusters. 76,84  Typical, reactions which have 
been documented are those involving phosphorus, nitrogen and oxygen donors, with the 
displacement of up to four carbonyl ligands. Both clusters may be reduced under relatively 
17 
MeCN 
mild conditions, using sodium carbonate or potassium iodide in methanol. 91 '85 Reduction 
is accompanied by the loss of one carbonyl ligand, and the dianionic derivatives, viz. 
IRu5C(C0)141 2  and IRu6C(CO)161 2  possess similar metal dispositions to their respective 
neutral parent clusters. 
4  c C > Z&~~ 
(a) 	 (b) 	 (c) 
(d) 
Figure 1.7: The gross structural features of [Ru6C(CO) 17] (a), [Ru5C(CO) i 5) (b), 
Ru5C(CO)15(MeCN)l (c) and [T1(Ru6C(C0)1 6)21 -  (d). 
More elaborate reactions have also been explored, for instance the reaction of 
thallium (III) nitrate with two equivalents of the dianion [Ru6C(CO)16] 2  affords 
[TI (Ru6C(CO)1612]. Here two octahedral hexaruthenium carbido units are linked via one 
edge to a central thallium atom. 92  The octahedra are arranged in an almost staggered 
conformation with a torsional angle of 
35•90  between the two Ru-Ru edges directly bonded 
to the thallium atom (see Figure 1.7d). 93  
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Synthesis and Structural Characterisation of Cyclohexadiene and Benzene 
Pentaruthenium Clusters 
This chapter commences with a brief résumé outlining the use of trimethylamine-N 
oxide as a chemical activator in the preparation of cyclohexadiene, cyclohexadienyl and 
ultimately, benzene co-ordinated cluster complexes. Following this, a detailed account of 
the synthesis, chemical characterisation and structural elucidation of a series of 
cyclohexadiene and benzene clusters derived from the pentaruthenium-carbido carbonyl 
cluster [Ru5C(CO)151 1 is chronicled. Encompassed within this work are investigations 
concerned with benzene migration, and a study of the site exchange processes occurring in 
a bis-cyclohexa-1,4-diene species. An alternative mechanism to that established in the 
mononuclear chemistry of iron and ruthenium, by which cyclohexa-1,4-diene isomerises to 
cyclohexa- 1 ,3-diene upon complexation is also offered. 
2. 1 Introduction 
The synthesis of substituted carbonyl clusters using the oxidative decabonylation 
reagent trimethylamine-N oxide (Me3NO) generally involves the dropwise addition of 
Me3NO in acetonitrile to a solution of the appropriate cluster in a dichioromethane-
acetonitrile solvent mixture, under ambient conditions. 1  This results in the substitution of 
one or two carbonyl ligands by acetonitrile, according to the stoichiometry of the reagent 
added. Subsequent reaction of the acetonitrile activated cluster with other ligands in a non 
co-ordinating solvent, usually dichloromethane, results in substitution of the relatively 
labile acetonitrile ligand. For example, the preparation of the triruthenium benzene cluster 
LRu3(CO)9013 - 1 2 : 1i 2 :1 2 -C6H6)] commences with the activated species 
IRu3(CO)lo(MeCN)2I, prepared by the method outlined above, followed by reaction with 
cyclohexa- 1,3-diene. 2  This yields the cyclohexadienyl complex [HRu3(CO)9(13-T 2 :T :1 2 
C61-17)], which ultimately affords the aforementioned cluster. Similarly, the bis-acetonitrile 
tetraosmium complex [H40s4(CO)lo(MeCN)2] undergoes reaction with cyclohexa-1,3-
diene in dichioromethane, heated to reflux for 24 hours, yielding the diene cluster 
tH20s4(CO)1l(1 4 -C6H8)] and also the benzene and diene-benzene species 
IH20s4(CO)i O(T 6-C6H6)I and 1Os4(CO)9(T 6-C6H6)(11 4-C6H8)I, respectively. 3 
Employing Me3NO in substitution reactions on clusters enhances the mechanistic 
appreciation into the processes which occur, compared with other activation methods. For 
example, the mechanisms by which photolytic and thermolytic reactions occur remains a 
matter of some debate, 4  particularly for higher carbonyl clusters containing greater than 
four metal atoms which have been investigated far less extensively than clusters of lower 
nuclearity. In general, two mechanisms have emerged for the substitution reactions of small 
23 
carbonyl clusters. The original proposal considered that the reaction of, for example, 
IRu3(CO)121 with PBu'3 occurs via a radical pathway in which the triangular metal unit 
undergoes complete fragmentation into three radical species. These 17-electron radicals are 
then considered to undergo substitution, followed by recombination to produce the 
substituted trimer. The alternative suggestion, in which the important step is carbonyl 
dissociation generating the co-ordinatively unsaturated (46-electron) system [Ru3(CO)ifl, 
is particularly attractive, especially when one recalls the similar behaviour shown by a 
range of the simpler carbonyl systems. 5  Clearly, with Me3NO, this latter mechanism must 
persist, the vacant co-ordination site on the cluster framework (or co-ordinatively 
unsaturated cluster) may be partially stabilised by the trimethylamine generated when the 
carbonyl ligand is removed as CO2. 
In the preparation of derivatives of [Ru5C(CO)is1 1, the usual method of activation 
in which the cluster is treated with Me3NO in the presence acetonitrile cannot be used. This 
is because the square-pyramidal metal core modifies almost instantaneously upon contact 
with small nucleophiles, including acetonitrile. 6  Cleavage of a metal-metal bond occurs 
with the formation of the bridged-butterfly (or trigonal-bypramidal) species 
(Ru5C(CO)15(MeCN)]. Attempts to activate this bridged-butterfly complex with 
substitution of additional acetonitrile ligands, using Me3NO, results in extensive 
decomposition. 
Clearly, an alternative strategy for the chemical activation of Ru5C(CO)151 1 must 
be applied in the preparation of cyclohexadiene and benzene derivatives, by-passing an 
acetonitrile derivative. The pathway developed in this study involves the activation of the 
pentaruthenium cluster towards cyclohexadiene directly, yielding complexes in which the 
diene ligates, with an appropriate solvent chosen so as not to play an active role in the 
reaction. From the diene cluster, the benzene ligand may be generated, by the formal 
dehydrogenation of the cyclohexadiene ring. Scheme 2.1. illustrates the synthetic route 
employed. 
2.2 Synthesis and characterisation of IRu5C(CO)134t2-1 2 :1 2-C6H8)] 2 
The dropwise addition of two molecular equivalents of Me3NO to a solution of the 
pentanuclear cluster 1 in dichloromethane containing cyclohexa-1,3-diene in a large excess 
results in the formation of [RU5C(CO)13(C6H8)] 2, isolated by t.l.c. on silica using a 
solution of dichloromethane-ethyl acetate-hexane (2:1:17 v/v) as eluent. The molecular 
formula of 2 was initially proposed on evidence provided by mass and 1 H n.m.r. 
spectroscopy. The mass spectrum exhibits a strong parent peak at m/z 959 (calc. = 962) 
together with peaks corresponding to the sequential loss of thirteen CO groups. The 1 H 
n.m.r. spectrum comprises of four multiplets of equal relative intensity at 6 values of 5.42, 
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Scheme 2.1: The preparation of pentarutheni urn -benzene clusters: (1) Me3NO/CH2Cl2 added dropwise to 
a CH2Cl/cyclohexa-I,3-diene solution; (ii) Me3NO/CH2Cl2 added dropwise to a CH2Cl2 solution (iii) 
rcfluxing hexane for 4 h; (iv) CO bubbled through a CH2Cl2 solution; (v) allowed to stand under N2 
immediately after preparation of compound 4; (vi) allowed to stand under N2 after storing compound 4 at - 
25°C for 24 h; (vii) refluxing hexane for 40 h. 
their chemical shift. The former two signals are consistent with olefinic protons, while the 
latter two multiplets are indicative of aliphatic protons. Selective decoupling experiments 
allows for the more detailed assignment of the ring protons, and their assignments are 
illustrated in Figure 2.1. The signal at S 4.36 ppm couples only with that at 8 5.42 ppm. 
However, this latter signal also shows coupling to the aliphatic protons of the diene. 
Hence, the signals at 8 4.36 and 5.42 ppm correspond to the protons DID' and C/C, 
respectively, in the Figure. It is not possible to assign the aliphatic protons explicitly from 
the decoupling experiment but their assignment may be proposed on the basis of their 
proximity to the metal cluster. Thus, the multiplet at 8 2.74 ppm is attributed to the M-exo 
protons BIB', and finally, the M-endo protons A/A' give rise to the signal at 8 1.80 ppm. 
While the four resonances in the 1 H n.m.r. spectrum indicate a certain amount of 
symmetry with respect to the co-ordination of the cylcohexa-1,3-diene ligand to the cluster 
framework (demonstrated by the equivalence observed amongst pairs of protons) the actual 
1241 2 :11 2  bridging co-ordination mode of the ligand revealed in the single crystal X-ray 
structure of this compound was not anticipated. Prior to this complex, cyclohexadiene had 
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Figure 2.1: The assignment of protons in the cyclohexa-1,3-diene ring of compound 2. 
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Figure 2.2: The solid-state molecular structure of [Ru5C(CO)13(l.t2-11 2 :71 2-C6H8)] 2, showing the 
atomic labelling scheme; the C atoms of the CO groups bear the same numbering as the corresponding 0 
atoms. Relevant bond distances (A) and angles ('): Ru(1)-Ru(2) 2.840(2), Ru(2)-Ru(3) 2.909(2), Ru(3)-
Ru(4) 2.831(3), Ru(1)-Ru(4) 2.795(2), Ru(I)-Ru(5) 2.844(2), Ru(2)-Ru(5) 2.772(2), Ru(3)-Ru(5) 2.793(2), 
Ru(4)-Ru(5) 2.864(2), Ru(1)-C(l) 2.01(1), Ru(2)-C(1) 2.03(1), Ru(3)-C(1) 2.01(1), Ru(4)-C(1) 2.02(1), 
Ru(5)-C(1) 2.12(1), Ru(1)-C(2) 2.28(2), Ru(1)-C(3) 2.30(1), Ru(4)-C(7) 2.28(1), Ru(4)-C(6) 2.36(2), C(2)-
C(3) 1.39(2), C(3)-C(4) 1.50(2), C(4)-C(5) 1.43(2), C(5)-C(6) 1.48(2), C(6)-C(7) 1.40(2), C(2)-C(7) 
1 .43(2), Ru-CCO(mcan) 1.91(2), CCO-0C0(mcan) 1 .13(2), C(2)-C(3)-C(4) 1.20(1), C(3)-C(4)-C(5) 
116(1), C(4)-C(5)-C(6) 116(1), C(5)-C(6)-C(7) .20(1), C(6)-C(7)-C(2) 119(1), C(7)-C(2)-C(3) 121(1). 
prevalent bonding mode in the cyclohexadiene derivatives of 1 and the related 
hexaruthenium-carbido cluster systems (vide infra). Hence, compound 2 may be 
formulated, more precisely, as [Ru5C(CO)1 3(.t2-r 2 :1 2-C6H8)]. 
Crystals suitable for X-ray analysis were grown from a solution of 
dichloromethane-hexane at -25°C, and, due to extreme sensitivity of these crystals out of 
solution and at room temperature, were analysed in a droplet of mineral oil at 200K. The 
molecular structure of compound 2 is depicted in Figure 2.2, together with principal bond 
distances and angles. The metal-atom polyhedron in compound 2 is comprised of the 
familiar square-pyramidal framework of [Ru5C(CO)15]. 6  Ruthenium-ruthenium bond 
lengths range from 2.772(2) to 2.909(2) A [mean 2.83 1(2) Ai and are comparable to the 
values reported for compound 1 [2.800(2)-2.882(2) A, mean 2.840(2) A].6  The 
cyclohexadiene ligand occupies a radial position with respect to the cluster square-base. 
The ligand clearly interacts in a t2-112112  bridging mode with the metal atoms by spanning 
one basal edge, thus formally replacing one equatorial CO group on two consecutive Ru 
atoms in the parent molecule [Ru5C(CO)15]. The 1,3 C=C double-bond localisation is 
reflected in the C-C distances [C(2)-C(3) 1.39(2) and C(6)-C(7) 1.40(2) A versus an 
average of 1.46(2) A for the other C-C distances]. In agreement with this bonding pattern 
the C-C-C angles at the sp 3 -hybridised carbon atoms are significantly smaller than 120° 
[116(1)* at both C(4) and C(5), respectively]. The Ru-C(diene) distances are slightly 
different, the separation from atoms C(3) and C(6) [mean 2.33(1) A] being slightly longer 
than that from atoms C(7) and C(2) [mean 2.28(1) A]. 
The simplest mechanistic pathway for the formation of compound 2 from reaction 
with Me3NO in the presence of cyclohexa-1,3-diene might be taken to involve the 
sequential removal of co-ordinated CO (by oxidation to CO2) followed by the addition of 
the diene via one olefin fragment in the first instance. The formation of 2, in which the 
diene spans two ruthenium atoms, may reflect the activation by Me3NO of co-ordination 
sites on two adjacent ruthenium atoms rather than at a single metal site. Alternatively, 
scrambling of the carbonyl groups, and possibly the cyclohexadiene ligand, may occur 
during the course of the reaction. 
2.3 Aromatisation of the p2- 2 :11 2 diene in 2 
The diene cluster [Ru5C(CO)34t2-T1 2 :71 2-C6H8)i 2 may be treated with a further 
molecular equivalent of Me3NO in dichioromethane at ambient temperature affording two 
isomeric benzene products. After removal of the solvent under vacuum the crude reaction 
mixture was readily separated by t.l.c. using dichioromethane-ethyl acetate-hexane (2:1:17 
v/v) as eluent, revealing two products. In order of elution, the two species were tentatively 
characterised as [Ru5C(CO)12QJ3-11 2 :11 2 :1 2-C6H6)] 3 and [Ru5C(CO)12(fl 6-C6H6)j 4, 
respectively. The mass spectra of compounds 3 and 4 both exhibited parent peaks at 931 
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(caic. = 932); the loss of twelve CO groups could also be appreciated. The 1 H n.m.r. 
spectra of these complexes displayed singlet resonances at 8 4.12 ppm for 3 and 8 5.93 
ppm for 4. These values are typical for a I3-rl 2 :11 2 :rI 2 benzene and an 1 6 benzene ligand, 
respectively. This difference in chemical shift is comparable with those observed for the 
hexaruthenium bis-benzene cluster [Ru6C(CO)j i(fl6-C6H6)(L3-12:112:112-C6H6)]  which 
exhibits singlets at ö 5.54 and 4.14 ppm for the terminal and face-capping benzene ligands, 
respectively. 7 
The formulation of compounds 3 and 4 from spectroscopic data was verified by 
single crystal X-ray analyses. Crystals of both compounds were grown from a 
dichioromethane-hexane solution, upon slow evaporation. The solid state structures of the 
isomers 3 and 4 are shown in Figures 2.3 (a) and (b), respectively, accompanied with 
selected bond lengths. Two independent molecules are present in the asymmetric unit of 
compound 4. 
The solid state structures of both clusters are based on the same square pyramidal 
metal geometry, and do indeed differ essentially in the co-ordination mode adopted by the 
benzene moiety. In 3 the benzene ligand straddles a triruthenium face of the square 
pyramidal framework, while in 4 the ligand is 11 6 co-ordinated to one ruthenium atom on 
the square base, thus formally replacing a basal tricarbonyl unit in the structure of 1. 
However, in 4 the whole metal framework is heavily distorted with respect to the ideal 
geometry of 1, with ruthenium-ruthenium bond lengths ranging from 2.744(2), 2.732(2) 
to 2.865(2), 2.877(2) A, in the two independent molecules, [compared with 2.800(2)-
2.882(2) A in 1]; the C(carbide) atom is off-centred with respect to the middle of the square 
base and is shifted towards the benzene-bound Ru-atom [Ru(2)-C(13) 1.93(2), 1.86(2) 
versus an average of 2.03(2) , 2.06(2) Aj. The metal core in 3 is less distorted [Ru-Ru 
bonds in the range 2.800(1)-2.845(1) A, and the C(carbide) occupies the centre of the 
square base as reflected by the values of the Ru-C(carbide) distances that fall within the 
narrow range 2.01(1)-2.02(l) A within the base. The C6H6 fragment in 3 clearly shows 
the 'long-short' bond length alternation [mean 1.44(1) and 1.36(1) A, respectively], with 
the short bonds eclipsed over the Ru-atoms. This bonding pattern has been previously 
observed with clarity in the triruthenium species [Ru3(CO)9(93-i 2 :1i 2 :1l 2-C6H6)] [mean 
1.45(1) and 1.40(1) A1.28 Unfortunately, the quality of the diffraction data for compound 
3 did not allow for the direct location of the H-atoms, thus the out-of-plane bending of the 
H-atoms above the C6 plane away from the cluster, established in the triruthenium species 
could not be observed. 
Upon mild thermolysis in hexane, compound 3 can be quantitatively converted into 
isomer 4. This isomerisation process is irreversible, and hence, reaction of the 92-11 2 :11 2 
diene cluster 2 may be taken to afford, firstly 3, in which the benzene occupies a 43- 
12 :12 :1 2 co-ordination site, which then undergoes isomensation to afford the 16 benzene 





















Figure 2.3 (a): The solid-state molecular structure of [Ru5C(C0)12(93-r1 2 :T1 2 :11 2-C6H6)] 3, showing 
the atomic labelling scheme; the C atoms of the CO groups bear the same numbering as the corresponding 
O atoms. Relevant bond distances (A): Ru(1)-Ru(2) 2.827(2), Ru(1)-Ru(3) 2.829(1), Ru(1)-Ru(4) 2.800(1), 
Ru(1)-Ru(5) 2.811(1), Ru(2)-Ru(3) 2.845(1), Ru(2)-Ru(5) 2.841(1), Ru(3)-Ru(4) 2.843(1), Ru(4)-Ru(5) 
2.827(1), Ru(1)-C(13) 2.09(1), Ru(2)-C(13) 2.02(1), Ru(3)-C(13) 2.00(1), Ru(4)-C(13) 2.02(1), Ru(5)-
C(13) 2.01(1), Ru(1)-C(17) 2.31(1), Ru(l)-C(18) 2.23(1), Ru(2)-C(19) 2.31(1), Ru(2)-C(14) 2.21(1), 
Ru(3)-C( 15) 2.26(1), Ru(3)-C(16) 2.25(1), C(14)-C(15) 1.45(1), C(15)-C(16) 1.34(1), C(16)-C(17) 1.46(2), 
C(17)-C(18) 1.36(2), C(18)-C(19) 1.42(1), C(14)-C(19) 1.38(1), Ru-CCO(mean) 1.90(1), CCO - 
OCO(meafl) 1.13(1). 
At no stage during the formation of compounds 3 and 4, from 2, was the formation 
of a cyclohexadienyl intermediate [HRU5C(CO)12(C6H7)] observed, in contrast to the 
triosmium and triruthenium systems which undergo a two step dehydrogenation 
mechanism from the diene to the benzene clusters, in which the dienyl intermediates are 
readily isolated. The proposed mechanism for this reaction is also believed to involve a 
dienyl intermediate. The first step in the reaction of 2 with Me3NO in dichioromethane may 
be envisaged as the creation of a vacant co-ordination site on the cluster surface by the 
oxidative removal of CO to CO2 by Me3NO. This is followed by the oxidative addition of a 



















Figure 2.3 (b): The solid-stale molecular structure of [Ru5C(C0)12(71 6-C6F16)] 4, showing the atomic 
labelling scheme; the C atoms of the CO groups bear the same numbering as the corresponding 0 atoms. 
Relevant bond distances (A): Ru(1)-Ru(2) 2.847(2) 2.873(2), Ru(1)-Ru(3) 2.800(2) 2.769(2), Ru(1)-Ru(4) 
2.774(2) 2.793(2), Ru(1)-Ru(5) 2.744(2) 2.732(2), Ru(2)-Ru(3) 2.807(2) 2.797(2), Ru(3)-Ru(4) 2.856(2) 
2.858(2), Ru(4)-Ru(5) 2.865(2) 2.887(2), Ru(2)-Ru(5) 2.791(2) 2.797(2), Ru( I )-C( 13) 2.09(2) 2.13(2), 
Ru(2)-C(13) 1.93(2) 1.86(2), Ru(3)-C(13) 2.00(2) 2.04(2), Ru(4)-C(13) 2.02(2) 2.07(2), Ru(5)-C(13) 
2.07(2) 2.07(2), Ru(2)-C(14) 2.25(1) 2.21(1), Ru(2)-C(15) 2.23(1) 2.21(1), Ru(2)-C(16) 2.21(1) 2.22(1), 
Ru(2)-C(17) 2.21(1) 2.24(1), Ru(2)-C(18) 2.22(1) 2.24(l), Ru(2)-C(19) 2.24(1) 2.23(1), Ru-CCO(mean) 
1.90(2) 1.91(2), CC0-0C0(mean) 1.14(3) 1.13(3). 
in which the C61 ­17 moiety is expected to lie over a trimetal face. The required second C-H 
bond cleavage must occur by an alternative route since only one equivalent of Me3NO is 
required. One can speculate that this second C-H cleavage is brought about by an initial 
cluster rearrangement, probably via a square-pyramidal to bridged-butterfly 
interconversion. This type of interconversion is well documented for [Ru5C(CO)1} upon 
reaction with small nucleophiles, 6  and will be elaborated shortly. Such an interconversion 
would generate an activated co-ordination site, providing the driving force for the second 
required C-H bond cleavage, and hence the formation of the bridged-butterfly species 
[H2Ru5C(CO)12(93-11 2 m 2 :11 2 -C6H6)1. Evolution of dihydrogen would result in 
regeneration of the square-pyramidal R 115C unit, and hence, compound 3. 
2.4 Reaction of IRu5C(CO)12(T 6-C6H6)] 4 with carbon monoxide 
When the i34 2 :1 2 :1i 2 benzene cluster 3 is treated with carbon monoxide no 
reaction is observed. However, the 1 6 isomer 4 reacts rapidly with CO in dichloromethane 
under ambient conditions to afford the new cluster [Ru5C(CO)13(1 6-C6H6)] 5. In this 
reaction CO addition has apparently occurred at the basal ruthenium atom which supports 
the benzene molecule. This indicates that the metal centre to which the benzene co-ordinates 
is more electrophilic than the remaining ruthenium tricarbonyl units, and is therefore more 
susceptible to nucleophilic attack. This must reflect less effective donor or more efficient 
accepting properties of the benzene it-orbitals than three terminal carbonyl groups. Just as 
in the reaction of [Ru5C(CO)1] with MeCN,6 it has been possible to establish by single 
crystal X-ray diffraction studies that the Ru5C polyhedron undergoes conversion from a 
square based pyramid to a bridged-butterfly arrangement. 
Crystals for this investigation were grown at -25°C in dichloromethane under an 
atmosphere of carbon monoxide. The molecular structure of compound 5 is shown in 
Figure 2.4 along with selected bond lengths. The metal-atom framework can be described 
as a bridged-butterfly (or trigonal bipyramid), being formally derived from the square-
pyramidal geometry of compound 4 by opening up one apex-to-base linkage upon CO-
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Figure 2.4: The solid-state molecular structure of IIRu5C(C0)13(96-C6H6)1 5, showing the atomic 
labelling scheme; the C atoms of the CO groups bear the same numbering as the corresponding 0 atoms. 
Relevant bond distances (A): Ru(1)-Ru(3) 2.837(2), Ru(1)-Ru(4) 2.732(2), Ru(1)-Ru(5) 2.870(2), Ru(2)-
Ru(3) 2.872(2), Ru(2)-Ru(5) 2.859(2), Ru(3)-Ru(4) 2.877(2), Ru(4)-Ru(5) 2.865(2), Ru(1)-C(14) 2.10(1), 
Ru(2)-C(14) 2.07(1), Ru(3)-C( 14) 1.97(l), Ru(4)-C( 14) 2.04(1), Ru(5)-C(14) 1.99(1), Ru(2)-C(1 5) 2.32(1), 
Ru(2)-C(16) 2.27(1), Ru(2)-C(17) 2.23(1), Ru(2)-C(18) 2.24(1), Ru(2)-C(19) 2.29(1), Ru(2)-Ru(20) 
2.33(1), Ru-CC0(mean) 1.88(2), CCO-OCO(mean) 1.15(2). 
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is almost equidistant from the two ruthenium atoms of the butterfly hinge [Ru(2)Ru(1) 
3.919(2) and Ru(2) ... Ru(4) 3.819(2) Aj. The remaining Ru-Ru bond lengths in 5 range 
from 2.732(2) to 2.877(2) A and are slightly longer, in their mean value, than in compound 
4 [2.844(2) versus 2.812(2) A. Each ruthenium atom, except the bridging atom Ru(2), 
carries three terminal CO groups as in the parent molecule. The Ru(2) atom formally 
receives two electrons more from ligands than the other metal atoms (six from 1 6 benzene 
and two from the single CO ligand) and is hence involved in only two metal-metal 
interactions. This structure is entirely consistent with spectroscopic results. The mass 
spectrum showed a distinct parent peak at 959 (caic. = 960), while the 1j4  n.m.r. consists 
of a singlet resonance at 8 6.36 ppm, indicative of a benzene ligand in a 1 6 co-ordination 
mode. The chemical shift in 5 seems high when compared to a value of ö 5.93 ppm in 4, 
and probably reflects a lowering of electron density on the bridging metal atom of 5 (higher 
chemical shifts are observed for 1 6 benzene ligands in monometallic complexes in 
positively charged oxidation states, than comparable zero valent complexes) which appears 
reasonable on examination of metal-metal bond lengths described above. 
Also of interest, is that the drift of the C(carbide) atom towards the benzene co-
ordinated metal atom in compound 4 is not observed in the bridged-butterfly complex 5. 
This observation suggests that the C(carbide) atom compensates if complete substitution of 
CO ligands for the less efficient it-acceptor benzene ligand deprives the metal atom of 
electron density. This 'compensatory' effect is not required for Ru(2) in 5, in which not 
only a benzene co-ordinates, but also an extra CO ligand. This effect is not observed in the 
face-capped cluster [Ru5C(CO)12(.t3-11 2 :T1 2 :11 2-C6H6)] 3, where the ligand is distributed 
over three metal atoms, each bearing two CO ligands. Hence, the interstitial C(carbide) 
atom in 3 remains in the centre of the cavity within the square base of the cluster. 
Consistent with this hypothesis, Ru-C(benzene) distances in 5 appear to be slightly longer, 
in their mean value, than in 4 [2.28(1) versus 2.23(1) Aj. These ideas of the compensatory 
C(carbide) atom will be developed in subsequent chapters. 
On standing, freshly prepared samples of compound 5 readily evolve carbon 
monoxide to regenerate the initial compound 4. If, however, 5 is prepared and crytallised 
from solution at -25°C for 24 hours under a CO atmosphere, then redissolved in fresh 
dichioromethane, a third, new isomer of [RU5C(CO)12(11 6 -C6H6)] 6, results. 
Characterisation of this new isomer is based entirely on spectroscopic data since it was not 
possible to grow crystals suitable for an X-ray structure determination. The mass spectrum 
of isomer 6 shows the same strong molecular ion peak at 931 as 3 and 4. The 1 H n.m.r. 
consists of a singlet at 6 5.93 ppm, the same value obtained for cluster 4. However, if 
samples of 4 and 6 are mixed in the same n.m.r. tube, two distinct singlets can just be 
resolved. Experiments involving alteration of the concentration of cluster 4, with regard to 
6, in an n.m.r. tube, establish that the signal derived from compound 6 is the lower of the 
32 
two singlets, which are separated by less than 0.01 ppm. This information, together with 
different carbonyl stretching frequencies observed in the infrared spectra of clusters 4 and 
6, leads to the inclination that the new isomer 6 is based on the customary square-
pyramidal Ru5 unit, but that the benzene molecule is 1 6 co-ordinated to the apical 
ruthenium atom. Alternatively, 6 may possess a structure simply derived from 4 by 
opening one Ru-Ru edge to form a bridged-butterfly Ru5C arrangement which is stabilised 
by donation of a carbonyl oxygen to form a Ru-C-0-Ru bridge. This is perhaps a less 
likely structure since this type of bonding for CO is rare. 
It is clear that, given these observations, the reaction of isomer 4 with CO is not 
simple (or else 5 would always result in the regeneration of 4 on loss of CO). The 
consequence of this is that attack by CO may occur at more than one ruthenium site at 
substantially different rates, or that CO addition initially occurs at one site and is followed 
by a slow isomerisation process involving CO migration. Possible mechanistic pathways 
are shown in Schemes 2.3 (a) and (b). An alternative mechanism for this process, could 
involve a second M-M bond cleavage between the hinge metal atoms [i.e. Ru(1)-Ru(4) in 
51, arising from the presence of excess CO. followed by reformation of the square-
pyramidal cluster core upon loss of the carbonyls, but with new Ru-Ru bonds formed 
between Ru(1)-Ru(2) and Ru(4)-Ru(2) in Figure 2.4. This would result in the formation of 
isomer 6 in which the benzene is co-ordinated to the apical ruthenium atom in an 
fashion. However, either of the former mechanisms are preferred, since the intermediate in 
the latter mechanism would probably be highly unstable, and just as susceptible to further 
attack by CO, and ultimately complete decomposition. 
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Scheme 2.3(b) 
On heating the new isomer 6 in hexane for a prolonged period conversion to 
compound 4 occurs. Hence, it would appear that the thermodynamically stable isomer is 4, 
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but that isomers 3 and 6 are the kinetically controlled products in the appropriate 
preparations. 
The precise mechanism by which isomer 6 interconverts to 4 has not been 
established. However, the thermolysis has been monitored by both infrared spectroscopy 
and spot t.l.c. The only species observed are the two 1 6 isomers 4 and 6, and at no stage is 
iRu5C(CO)I2(t3-TI 2 :11 2 :Tl 2-C6H6)] 3 observed. Therefore, it is not unreasonable to 
conclude that the process occurs via benzene-slippage, first from the 1 6 mode (as in 6) to a 
1.t2-1m 3  mode in which the benzene bridges a apical-basal Ru-Ru edge, and finally to the 
alternative 11 6  mode as in isomer 4. Such slippage would also necessitate the simultaneous 
movement of the co-ordinated CO ligands. The possibility of the benzene migration via the 
known facially bound isomer 3 seems less likely, since it is not observed during the course 
of the reaction. The proposed intermediate in which the benzene co-ordinates in an 2 -
11:1 fashion, similar to that proposed in the conversion of 3 to 4, except with the benzene 
bridging an apex-to-base vertex rather than a basal edge, has not be isolated. The process 
may not be as straightforward as this, and the possibility that the migration follows the 
path, 16 ._ _* - p2-1I2:14 1 6 cannot be ruled out. Such a 
movement would also require a simultaneous and concerted movement of the carbonyl 
groups. 
2.5 Two co-ordinated diene Jigands: preparation of IRu5C(CO)11(11 4 -
C6H8)21 7 
In a modification of the reaction used for the preparation of the cyclohexa-1,3-diene 
and benzene clusters 2, 3 and 4, the reaction was carried out on a larger scale, with three 
molecular equivalents of Me3NO in dichioromethane added in a single step (as opposed to 
two molecular equivalent of Me3NO, followed by a further aliquot) to a solution of 
[Ru5C(CO)151 1 in dichioromethane containing an excess of cyclohexa-1,3-diene, in a dry 
ice-acetone bath (-78°C). The reaction mixture was warmed slowly to room temperature, 
which was accompanied by a darkening of the characteristic red colour of the starting 
material. Extraction of the products by column chromatography, eluting with 
dichioromethane-ethyl acetate-hexane (2:1:17, v/v), resulted in the isolation of three 
products, in approximately equal yield. In order of elution the products were characterised 
as the new compound IIRu5C(CO)lI(C6H8)2] 7 and also the previously observed species 
I Ru5C(CO) 24t3-rl22:11 2-C6H6)] 3 and [Ru5C(CO) 12(116-C6116)]  4. 
The bis-diene complex 7 has been characterised by both spectroscopic and single 
crystal X-ray diffraction analyses. The mass spectrum of compound 7 is easily interpreted. 
A parent peak is observed at 985 (calculated = 986), followed by the strongest peak in the 
spectrum which occurs at 906, corresponding to the loss of one of the cyclohexadiene 
rings. Thereafter, eleven carbonyl groups are lost in succession. Several different 
structures for this formula can be envisaged. Perhaps the most obvious is that in which the 
two diene units bond to the cluster via .i2-11 2 :11 2 bridging interactions, as observed in 2, 
with the dienes bridging basal ruthenium atoms on opposite sides of the pyramid. 
However, the infrared spectrum of this species contains strong carbonyl stretches in the 
bridging carbonyl region. Hence, an alternative arrangement probably exists since no 
bridging CO ligands were observed for 2, and, with substantiation from a single crystal X-
ray structure determination (vide infra) the compound is formulated as [Ru5C(CO)1 i(714 -
C6H8)21. The 1 H n.m.r. of 7 in CDC13 is somewhat more complicated than the mass 
spectrum. At room temperature (298 K) three very broad signals are observed, centred at 
approximately 8 5.9, 3.5 and 2.2 ppm, with relative intensities 1:1:2, respectively. The 
chemical shift of the former two signals may be attributed to the olefinic protons of the 
diene rings, whilst the frequency of the latter signal is consistent with the aliphatic 
cyclohexa-1,3-diene protons. On cooling the sample to 212 K, eight resonances of equal 
relative intensity at 8 values of 6.41, 5.38, 4.45, 2.87, 2.79, 2.08, 1.97 and 1.58 ppm are 
observed, whilst on warming to 329 K four multiplets centred at 8 5.97, 3.72, 2.31 and 
1.99 ppm, also of equal relative intensity, emerge. For both the low and high temperature 
spectra, it would seem reasonable to assume that the signals in the range 8 2.87 - 6.41 ppm 
correspond to olefinic protons, and the remaining signals to the aliphatic protons of the 
diene ring. It is easy to imagine how the signals observed for the low and high temperature 
spectra are derived from that at room temperature, with the broad signals from this latter 
spectrum resolving into more distinct multiplets. Variation of the width and number of 
signals with temperature suggests some fluxionality, and it would appear that the 
coalescence occurs at Ca. room temperature (298 K). At this temperature, the four aliphatic 
protons of each ring are all chemically equivalent, which indicates that the ring is 
undergoing both a rapid rotation and a flipping process. While the actual fluxional 
processes taking place in the molecule cannot be established, certain generalisations can be 
made. In the low temperature spectrum, the eight signals arise because all eight protons on 
each ring are chemically inequivalent, with both rings having the same overall environment 
(or visa versa, i.e. pairs of protons are equivalent on the same ring, with the two rings 
being chemically inequivalent). The equivalence of the cyclohexa- 1 ,3-diene rings within the 
molecule is also apparent from the spectrum recorded at 329 K. Here, however, there are 
only four signals, since the protons bisecting the mirror plane in the diene moieties must 
exhibit chemical equivalence. 
In order to establish the precise interaction of the cyclohexa-1 ,3-diene ligands with 
the metal cluster, at least in the solid state, a single crystal X-ray analysis was undertaken. 
Crystals of Ru5C(CO)1 i(14-C6H8)21 7 suitable for a single crystal X-ray diffraction 
analysis were grown by slow evaporation from a solution of dichloromethane-hexane. The 
molecular structure of 7 in the solid state is depicted in Figure 2.5, accompanied with 
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relevant structural details. Within the family of benzene and cyclohexadiene derivatives 
based upon [Ru5C(CO)15], compound 7 possesses some unique structural features. 
Although the metal framework consists of the customary square pyramidal geometry, with 
a C(carbide) atom in the middle of the square-base, the ligand distribution is uncommon. 
Firstly, the cyclohexadiene ligands are bound in the i14  bonding mode to single metal atoms 
on opposite corners of the square base. Secondly, a complicated pattern of bridging 
carbonyl ligands is observed. In [Ru5C(CO)15] and most of its derivatives the CO-ligands 
usually adopt only the terminal co-ordination mode. However, in 7 two bridging carbonyls 
span two consecutive edges of the square base, while two others span two apex-to-base 
edges of the pyramid. As a consequence, two Ru atoms bear terminal CO ligands and are 
involved in two bridging interactions, one basal Ru-atom carries only three terminal CO 
ligands (as in [Ru5C(CO)151), while the remaining two basal Ru-atoms are each involved 
in the interaction with the 11 4  cyclohexa-1,3-diene ligands and two bridging CO groups. 
This 'geometrically uneven' ligand distribution, however, achieves (at least formally) a 
homogeneous ligand-to-metal electron distribution with each Ru-atom receiving six 
electrons from the ligands. Ru-Ru bond lengths range from 2.760(1) to 2.897(1) A. The 
CO-bridged bonds display an intermediate length [2.786(1)], while the shortest bond 




Figure 2.5: The solid-state molecular structure of [Ru5C(CO)1I(11 4 -C6F18)2] 7. Hydrogen atoms bear 
the same numbering as the corresponding carbon atoms. Relevant bond distances (A) and angles (°): Ru(1)-
Ru(2) 2.785(1), Ru(1)-Ru(3) 2.844(1), Ru(2)-Ru(3) 2.785(1), Ru(2)-Ru(4) 2.897(1), Ru(3)-Ru(4) 2.760(1), 
Ru(1)-C(12) 2.10(1), Ru(2)-C(12) 2.01(1), Ru(2)-C(21) 2.05(1), Ru(3)-C(21) 2.12(1), Ru(1)-C 1.99(1), 
Ru(2)-C 2.06(1), Ru(3)-C 2.17(1), Ru(4)-C 2.27(1), Ru(2)-C(1) 2.27(1), Ru(2)-C(3) 2.19(1), Ru(2)-C(5) 
2.21 (1), Ru(2)-C(6) 2.17(1), Ru(1 )-C(12)-Ru(2) 85.1(3), Ru(2)-C(21 )-Ru(3) 83.8(3). 
36 
atom shows longer distances from the substituted Ru-atoms [2.062(7) A] than from the 
unsubstituted ones [1.995(7) A. The CO-bridges show otherwise shorter bonds from 
Ru(2) than from the unsubstituted atoms. 
The mechanism by which the bis-cyclohexadiene compound [Ru5C(CO)ii(11 4 -
C6H8)21 7 is formed may be taken to involve the sequential removal of co-ordinated CO 
(by oxidation to CO2) which is rapidly followed by the addition of the diene to the vacant 
co-ordination sites, affording, perhaps, [Ru5C(CO)13(1 4-C6H8)] in the first instance. This 
process must occur again to form 7. In the bridging diene species [Ru5C(CO)l3412-Tl 2 :12-
C61-18)] 2, creation of a further vacant co-ordination site results in the formal 
'dehydrogenation' of the ring affording [Ru5C(CO)12(p.3-11 2:1 2 :T1 2-C6H6)] 3, but for the 
proposed intermediate in the formation of 7, when a co-ordination site is produced on the 
cluster, the 1 4  bound cyclohexa-1,3-diene ring does not undergo 'dehydrogenation', but 
instead, addition of a second diene ligand to the opposite ruthenium atom on the square 
base occurs, possibly reflecting the site of attack of the Me3NO, and, of greater 
significance, that a cyclohexa-1,3-diene bound to a single metal centre is less capable of 
undergoing transformation to a benzene ring, at least by this method. This phenomenon has 
also been verified in the triosmium system, in which [0s3(CO)1O(11 4-C6H8)] does not react 
with Me3NO to give a benzene derivative. In the tetraosmium system ii dienes may be 
converted to 1 6  benzene groups by thermolytic or photolytic action, but only in extremely 
low yield.9  The reason for the formation of compound 7, in which the dienes adopt 11
4  co-
ordination modes is not understood. But, since compounds 3 and 4 are formed in the same 
reaction, which implies that the .t241 2 :112  diene precursor 2 exists in the early stages of the 
reaction, it would seem that the initial product in the reaction is [Ru5C(CO)13(71 4-C6H8)1, 
although as yet not isolated. This compound may then take either of two paths in 
subsequent reaction. Firstly, once generated, it may react immediately yielding compound 
7, or, it can isomerise to compound 2, which goes on to afford the benzene clusters 
[Ru5C(CO)1 2(L3-fl 2 :rl 2 :fl 2-C6H6)] 3 and [Ru5C(CO)i 2(fl 6-C6H6)] 4 upon reaction with 
further Me3NO. Unfortunately, monitoring the infrared carbonyl stretches of the reaction 
mixture does not shed any light on the existence of [Ru5C(CO)13(T1 4-C6H8)1 due to the 
complexity of the spectra in this region. At wavenumbers indicative of bridging carbonyl 
ligands the base line is relatively clean, however, the intensity of such bands is too weak to 
be observed with clarity. In conclusion, the reaction would appear to occur less 
stoicheometrically when carried out on a larger scale, using a less systematic approach (i.e. 
adding three molecular equivalents of Me3NO in a single step, instead of adding two 
equivalents of Me3NO and isolating compound 2, followed by the addition of one further 
equivalent). 
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2.6 Conversion of [RU5C(CO)11(11 4 -C6H8)2] 7 to IRu5C(CO)12(93-
1 2 :1l 2 11 2 ..C6116)J 3 
Reaction of [Ru5C(CO)11(11 4-C6H8)2] 7 with CO under ambient conditions results 
in the formation of the benzene cluster 3. In this reaction one of the diene ligands is 
displaced, one carbonyl group added, and the remaining cyclohexa- I ,3-diene must undergo 
formal dehydrogenation to give the 93-T1 2 :T1 2 :11 2 benzene ring found in the product. There 
are two possible mechanisms by which the displacement of the 1 4-C6H8 moiety and 
addition of a CO ligand may occur. First, and most obviously, direct displacement in which 
one of the diene ic-interactions is substituted for a CO. generating an 11 2 bonded diene. This 
diene would most likely be labile, and dissociate to create the necessary vacant co-
ordination site, thus stimulating 'dehydrogenation' of the existing diene ligand. Secondly, 
and the preferred route, follows a reaction sequence previously observed for the reaction of 
IRu5C(CO)12(fl 6-C6H6)i 4 with CO (see Section 2.4) in which the initial reaction step 
involves addition of CO bringing about a change in the geometry of the cluster core from 
the familiar square based pyramid to a bridged butterfly arrangement of metal atoms. In this 
process addition of CO occurs at one of the basal ruthenium atoms of the [Ru5C(CO)1 1(1 4-
C6H8)21 unit to generate the bridged butterfly, but instead of loss of CO to reform the 
square pyramidal structure, as in the case of [Ru5C(CO)13(T1 6-C6F16)] 5, ejection of one of 
the T1 4 - C61­18ligands, perhaps via a highly labile 11 2 intermediate, will have the same 
desired effect, and produce the required co-ordination site on the cluster framework for the 
conversion of the diene to benzene. From the observations made in the previous section, it 
would seem unlikely that a diene bound in a ii mode tc a single metal atom can undergo 
modification into a benzene, therefore scrambling of CO must occur, facilitated by the 
vacant co-ordination site, affording the bridged diene species as in compound 2. From 
here, the method by which 3 is formed should parallel that described in Section 2.3 for its 
formation from [Ru5C(CO)13(P2-Tl 2 :11 2 -C6H8)] 2 on reaction with Me3NO in 
dichloromethane. 
Samples of compound [Ru5C(CO)i l(11 4-C6H8)21 7 have also been subjected to 
mild thermolysis and photolysis in hexane. Both these reactions were monitored by 
infrared spectroscopy, and it was found that complete consumption of the starting material 
occurred in a few hours. Chromatographic separation of the resulting reaction mixture 
revealed that the two benzene isomers [Ru5C(CO)12(t3-11 2 :1'I 2 :11 2-C6H6)1 3 and 
[Ru5C(CO)I2(fl6-C6H)] 4 were produced in low yield, accompanied by extensive cluster 
decomposition. From the experiments describe in Section 2.3, in which the ji3- 2 : 2 : 2 
benzene in 3 undergoes migration to a single metal site affording 4, it is clear that 
compound 7 may also be converted into 3 by the two techniques just mentioned, although 
only in low yield. The mechanism by which this occurs may mimic that described for the 
reaction of 7 with carbon monoxide, with the CO generated in situ from the degradation of 
quite large amounts of the sample. 
2,7 Towards bis-benzene derivatives of LRu5C(C0)151 
In an extension to the synthetic sequence described for the preparation of the two 
benzene clusters [R115C(CO)I2(.13-11 2 :Tl 2 :Tl 2-C6H6)] 3 and [Ru5C(CO)12(11 6-C6H6)] 4 
from Ru5C(CO)151 1, 3 and 4 have also been treated with two molecular equivalents of 
Me3NO in dichloromethane in the presence of cyclohexa-1,3-diene yielding two new 
products. Formulation of these compounds was initially based upon mass and 1 H n.m.r. 
spectroscopy. The mass spectrum of both cluster 8 and 9, exhibits a strong parent peak at 
955 which corresponds to the molecular formula [Ru5C(CO)l0(C6H6)(C6H8)1. The 1 H 
n.m.r. also indicates that the two compounds are isomers, viz. [Ru5C(CO)i0413-7I 2112 :11 2-
C6H6)4t2-11 2 :1 2 -C6H8)] 8 and tRu5C(CO) i0(11 6-C6H6)412-11 2 :11 2-C6H8)] 9. The spectra 
of 8 and 9 display singlets at 5 4.14 ppm and 5 5.85 ppm, respectively; these can be 
readily assigned to the face-capping and 11 6 terminal benzene ligands, in the respective 
compounds. In 8 the cyclohexa-1,3-diene ligand gives rise to four signals of relative 
intensity 1:1:1:1. The signals at 5 5.57 and 4.57 ppm are consistent with the olefinic 
protons of the diene system, while those at S values of 2.84 and 2.03 ppm arise from the 
aliphatic protons of the diene. This pattern is very similar to that produced for 
[RU5C(C0)13(.t2-11 2m2-C6H8)] 2, albeit shifted to slightly higher frequencies. Although a 
detailed assignment has not been carried out for the signals in the 1 H n.m.r. of 8, it is not 
unreasonable to assume that they are analogous to those from compound 2, the 1 H n.m.r. 
spectra of which has been assigned by a series of selective decoupling experiments (see 
Section 2.2). The additional asymmetry in molecule 9, as a consequence of the benzene 
interacting with a single metal centre, gives rise to eight multiplets of equal relative intensity 
at 5 5.33, 5.07, 4.43, 4.09, 2.58, 1.98, 1.72 and 1.69 ppm arising from the 
cyclohexadiene protons. Again, the chemical shift of the first four signals correspond to the 
olefinic protons, and the remaining four resonances are consistent with the aliphatic protons 
of the diene ring. Selective decoupling, at each signal, has allowed for their unambiguous 
assignment. These spectra are shown in Figure 2.6, together with a sketch illustrating the 
assignment of the protons in the cyclohexa-1,3-diene moiety. It can be seen that signals E 
and F do not couple with the aliphatic proton signals, and must therefore correspond to 
positions 2 and 3, indicated in the diagram. On the basis of these assignments, it is a 
straightforward task in following the couplings around the diene ring. 
The solid state molecular structures of [Ru5C(CO)10(93-71 2 :112 :Tl2-C66)Ut2-11 2 TI 2 
C6H8)] 8 and [Ru5C(CO) l 0(116 C6H6)(921 2 11 2 C6H8)] 9 have been determined by single 
crystal X-ray diffraction analyses, and are entirely consistent with the structures predicted 
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Figure 2.6: 	The 'H n.m.r. decoupling spectra of [Ru5C(CO)1001 6-C6H6X112-11 2 :12-C6H8)1 9, 
together with a diagram showing the assignment of the spectrum. 
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together. Suitable crystals of 8 were nucleated by slow evaporation from a 
dichioromethane-hexane solution. Crystals of 9 formed at -25°C in a solution of 
dichioromethane-hexane. However, on removal from the mother liquor, crystals of 9 
rapidly collapsed, and therefore had to be held in a droplet of mineral oil during data 
collection at low temperature. The molecular structures of 8 and 9 are shown in Figures 
2.7 (a) and (b), respectively, together with a list of principal bond distances. Compound 8 
and 9 form a pair of isomers differing essentially in the co-ordination mode of the benzene 
ligand. In 8 the benzene ligand caps the square-pyramidal triangular face opposite to the 
Ru-Ru bond which carries the L2-71 2:T12 cyclohexadiene ligand. In cluster 9, however, the 
benzene ligand is bound in an 11 6 co-ordination mode to a solitary basal Ru-atom. These 
bonding modes have already been established in the pair of pentaruthenium isomers 
[Ru5C(CO)12(p.3-12:112:112-C6H6)i 3 and [Ru5C(CO)12(11 6-C6H6)] 4 (see Section 2.3). 
Further examples of such isomers based on derivatives of the hexaruthenium cluster 
IRu6C(CO)171 will be discussed in the following chapters. In both molecules the 
cyclohexa- 1 ,3-diene moiety spans one basal edge, substituting two consecutive radial CO-
ligands with respect to the parent 'binary' carbonyl cluster [Ru5C(CO)15]. Metal-metal 
bonds range from 2.804(1) to 2.881(l) ,A in 8 and from 2.744(1) to 2.856(l) ,A in 9. The 
benzene ligand in 9 is disordered over two sites with site occupation factors in the ratio 7:3. 
This disorder is, most probably, dynamic in nature. It has been demonstrated in many 
crystalline arene complexes and clusters that a disk-like benzene ligand bound in a 
delocalised manner to one (or more) metal centres can not be easily locked in place by the 
surrounding molecules. 10 The barrier to reorientation is usually fairly small (less than 50 
KJniol). An estimate of the reorientational barrier for jumps of the benzene atoms can be 
obtained by means of the atom-atom potential energy method. 10  In cluster 9 the potential 
energy profile presents the expected sinusoidal curve with minima every 60° separated by 
rather flat potential energy barriers (max. Ca. 6 KJmol 1 ). Intermediate minima 
corresponding to the alternative orientation are not detected, probably because of the low 
sensitivity of the computational method in the presence of very low reorientational barriers. 
It is interesting to note that in the precursor to 9, i.e. [Ru5C(CO)12(T16-C6H6)] 4, there are 
two independent molecules in the asymmetric unit. In this crystal the two molecules differ 
essentially in the rotameric orientation of the TI6  benzene ligands. 
In contrast to the previous observation that compound tRu5C(CO)12(13-T1 2 :11 2 :7l2-
C61716)] 3 isomerises affording [Ru5C(CO)12(11 6-C6H6)I 4, by migration of the benzene 
from the facial site to a 11 6  position, under mild thermolytic conditions and in virtually 
quantitative yields, isomerisation of IIRu5C(CO) lo(.t3TI 2:TI 2 :T12-C6Hó)(I12-11 2 :T1 2-C6FI8)] 8 
to [Ru5C(CO)1o(TI 6 C6H6)412TI 211 2 C6H8)1 9 only takes place at relatively high 
temperatures, and is accompanied by extensive decomposition. Thus, thermolysis of 
compound 8 in toluene results in mostly decomposition, with only small amounts of the 9 
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Figure 2.7 (a): The solid-state molecular structure of [Ru5C(C0)10(311 2:112 11 2 C6H6)(9211 2 :1 2 
C61­1 8)1 8, showing the atomic labelling scheme; the C atoms of the CO groups bear the same numbering 
as the corresponding 0 atoms. Relevant bond distances (A): Ru(1)-Ru(3) 2.804(1), Ru(1)-Ru4) 2.817(1), 
Ru(1)-Ru(5) 2.881(1), Ru(2)-Ru(3) 2.829(1), Ru(2)-Ru(4) 2.872(1), Ru(2)-Ru(5) 2.866(1), Ru(3)-Ru(5) 
2.852(1), Ru(4)-Ru(5) 2.837(1), Ru(1)-C 1.984(3), Ru(2)-C 2.004(3), Ru(3)-C 2.004(3), Ru(4)-C 
2.014(3), Ru(5)-C 2.083(3), Ru(1)-C(13) 2.289(4), Ru(1)-C(14) 2.317(3), Ru(3)-C(12) 2.254(4), Ru(3)-
C(17) 2.285(4), Ru(2)-C(19) 2.383(5), Ru(2)-C(20) 2.216(4), Ru(4)-C(21) 2.318(5), Ru(4)-C(22) 2.233(5), 
Ru(5)-C(18) 2.210(4), Ru(5)-C(23) 2.395(5), C(12)-C(13) 1.45(1), C(13)-C(14) 1.38(1), C(14)-C(1 5) 
1.49(1), C(15)-C(16) 1.47(1), C(16)-C(17) 1.52(1), C(12)-C(17) 1.39(1), C(18)-C(19) 1.46(1), C(19)-C(20) 
1.46(1), C(20)-C(21) 1.43(1), C(21)-C(22) 1.32(1), C(22)-C(23) 1.36(1), C(18)-C(23) 1.35(1). 
being recovered from the reaction vessel. It is difficult to understand the increased 
restriction to movement in this case. One might speculate that in any isomensation process 
there needs to be a concerted movement of all ligands. In this case, it is possible that the 
bonding demands placed on the system by the cyclohexa-1,3-diene ligands tend to inhibit 
such a concerted motion, thereby anchoring the C61-16  ligands. 
Attempts to prepare bis-benzene derivatives from 8 and 9, in a similar manner to 
the formation of 3 and 4 from 2 have been unsuccessful. This may be due to the possibility 
that the maximum number of CO ligands (one third) have been substituted for the less 
efficient m-accepting benzene and diene ligands. This is reflected in the difference between 
the wavenumber of the main carbonyl stretches in the infrared spectra of the parent cluster 
[Ru5C(CO)15] 1 and compound 8 and 9. The infrared spectrum of 1 shows strong 
stretches at (UCD) 2068 and 2034 cnv 1 , while the strongest stretches in the benzene-diene 
species lie at around 2000 cm -1 , indicating a marked increase in back bonding from the 
metal d-orbitals to the it" orbitals of the CO ligand. Although the change in the M-C and C- 
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o bond lengths is not as sensitive a measure of electron density within the bond, infrared 
spectrometry being much more informative, since these examples are concerned with 
terminal carbonyl groups, all of which are essentially linear, a comparison may be of some 
value. For [Ru5C(CO)12(.13-rI 2 m 2m 2-C6H6)i 3 and the two independent molecules of 
(RuSC(CO)12(fl 6-C6H6)] 4 the C-O bond length averages 1.13 A while that of 8 and 9 
averages 1.15 A. This lengthening of the C-O bond upon increased substitution, although 
slight, does concur with the information obtained from infrared spectroscopy. For a cluster 
of nuclearity five, this could well be the saturation point for carbonyl substitution using 
Me3NO, although this does not mean to say that more highly substituted compounds 
cannot be prepared. As more electron density is dispersed onto the CO ligands (with 
increasing substitution) they become less susceptible to nucleophilic attack, and hence 
Me3NO becomes less capable of oxidising it, i.e. decarbonylating, thus an alternative 




Figure 2.7(b): The solid-state molecular structure of FRu5C(CO)10(71 6-C61­16)(R2-11 2 : 11 2-C6H8)1 9. 
Relevant bond distances (A): Ru(1)-Ru(3) 2.838(l), Ru(I)-Ru(4) 2.799(1), Ru(1)-Ru(5) 2.827(1), Ru(2)-
Ru(3) 2.849(1), Ru(2)-Ru(4) 2.775(1), Ru(2)-Ru(5) 2.855(1), Ru(3)-Ru(5) 2.744(1), Ru(4)-Ru(5) 2.842(1), 
Ru(1)-C 1.90(1), Ru(2)-C 2.02(1), Ru(3)-C 2.06(1), Ru(4)-C 2.00(1), Ru(5)-C 2.15(1), Ru(2)-C(2d) 
2.30(l), Ru(2)-C(3d) 2.30(1), Ru(4)-C( Id) 2.27(1), Ru(4)-C(6d) 2.31(1), Ru( I )-C( I b) 2.22(1), Ru( 1 )-C(2b) 
2.21 (1), Ru(1 )-C(3b) 2.19(1), Ru(1)-C(4b) 2.20(1), Ru( I )-C(5b) 2.22(1), Ru( I )-C(6b) 2.22(1), C( I d)-C(2d) 
1.45(2), C(2d)-C(3d) 1.40(2), C(3d)-C(4d) 1.49(2), C(4d)-C(5d) 1.54(2), C(5d)-C(6d) 1.52(2), C(ld)-C(6d) 
1.38(2). 
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2.8 Cyclohexa-1,4-diene derivatives of [Ru5C(CO)15] 
The first examples of co-ordinated cyclohexa- I ,4-dienes to be characterised by 
spectroscopic techniques were found for the 1 -methoxy- and 1-ethyl-substituted ligands, in 
cobalt complexes. 11  Although these complexes are relatively unstable, they are noteworthy 
since they were the first organometallic complexes of a cyclohexa- 1 ,4-diene in which the 
non-conjugated 1 ,4-diene structure has not undergone isomerisation to the corresponding 
1 ,3-diene during the course of complexation. A recent example of a 1,4-cyclic hexadiene 
ligand to be structurally characterised by an X-ray diffraction analysis is that of the 
hex amethyl-substituted diene, prepared indirectly from the 'hydrogenation' of the 
corresponding co-ordinated 116 hexamethyl benzene. 12  These types of complex are still rare, 
and the two cluster complexes described below constitute the first examples of cyclohexa-
1,4-diene (i.e. C6H8, rather than methyl- or otherwise substituted dienes) to be co-
ordinated in such a fashion. 
The preparation of these species involves the prior activation of [Ru5C(CO)15] 1 
towards reaction with cyclohexa-1,4-diene using two molecular equivalents of Me3NO, 
added dropwise in dichioromethane (in a similar manner to that used in the preparation of 
the 1,3-adduct, 2). Isolation of a single product 10 in moderate yield is achieved by thin 
layer chromatography eluting with dichloromethane-ethyl acetate-hexane (2:1:17, v/v). 
Formulation of compound 10 as [Ru5C(CO)13(C6H8)1 was based upon the mass spectrum 
which exhibits a strong parent peak at 962 (caic. = 962) with the subsequent loss of several 
CO groups. While the infrared spectrum shows a carbonyl stretching pattern almost 
identical to that obtained for the 1,3-derivative [Ru5C(CO)13(J.12-T1 2:1 2-C6H8)1 2, the 1 H 
n.m.r. spectrum is somewhat inconsistent with such an arrangement. The spectrum 
contains two multiplets and a singlet of relative intensity 1:1:2. The 8 values of the 
multiplets arise at 5.08 and 4.56 ppm, typical with olefinic protons and the singlet 
resonance occurs at ö 2.03 ppm which is indicative of four chemically equivalent aliphatic 
protons of the diene. Hence, compound 10 was tentatively characterised as 
IRu5C(CO)13(I12-Tl 2 :Tl 2-C6H8-1 ,4)], and substantiated by a single crystal X-ray analysis 
(vide infra). The 1 H n.m.r. spectrum, although readily assignable to a co-ordinated 
cyclohexa- I ,4-diene moiety, is not straightforward, since, if all the aliphatic protons share 
the same chemical environment, one would expect the olefinic protons also to be 
equivalent. Flexing and/or rotation of the diene ligand does not entirely account for this 
discrepancy. 
Further treatment of compound 10, also with two molecular equivalents of 
Me3NO, in dichloromethane containing excess cyclohexa- 1 ,4-diene, followed by product 
extraction and separation by t.l.c., eluting with dichioromethane-hexane (2:8, v/v), yields, 
in order of elution, [Ru5C(CO)12(I.13-11 2 :12 T1 2-C6H6)1 3 and the new bis-cyclohexa-1,4-
diene cluster ERu5C(CO)11412-112:T12-C6H8-1,4)21 11, characterised by both spectroscopic 
and X-ray diffraction analysis. The benzene cluster has been described in Section 2.3, 
prepared from the treatment of the 1,3-isomeric form of compound 11 (i.e. 2) with 
Me3 NO in dichioromethane only. Hence, the formation of the benzene cluster is not 
unreasonable from this reaction, especially since these reactions do not proceed precisely to 
the stoichiometry of Me3NO added. The proposed intermediate 'linking' the p2 -r 2 :i 2-
C61­18 and i34 2 :r 2 :1 2-C6H6 moieties is the 93-C6H7 hexadienyl ring, which, from these 
observations must presumably be attainable from the cyclohexa-1,4-diene ligand. 
Compound 11 was characterised, initially, by spectroscopic methods. The mass spectrum 
of this compound contains a parent peak at 985 (caic. = 986) together with the loss of 
eleven CO groups. The 1 H n.rn.r. is not as straightforward to interpret, and deserves a 
detailed examination. Prior to this discussion, the solid state molecular structures of the two 
cyclohexa- I ,4-diene complexes will be examined. 
The molecular structures of [Ru5C(CO)134t2-fl2:112-C6H8-1,4)1 10 and 
[Ru5C(CO)11412-71 2 :11 2-C6H8-1,4)21 11 are closely related and will be discussed together. 
Suitable crystals of compound 10 were obtained from a toluene solution stored at -25°C for 
several weeks, while crystals of 11 were obtained from the slow evaporation of a 
dichioromethane-hexane solution. The molecular structures of compounds 10 and 11 are 
illustrated in Figures 2.8 (a) and (b), respectively, accompanied by appropriate bond 
distances and angles. Both 10 and 11 are related by the presence of the square-pyramidal 
metal atom framework common to [Ru5C(CO)151 1 and the majority of other 
cyclohexadiene and benzene derivatives described thus far. The semi-interstitial C(carbide) 
atom occupies roughly the centre of the square base. In 10 the 1,4-C6H8 ligand formally 
replaces two radial CO ligands belonging to two contiguous Ru-atoms of the basal plane, 
attached in the familiar p4 22  bonding mode observed in its isomer, compound 2. In 11 
there are two bridging 1,4-C6H8 ligands, the first one is bound in a similar manner to that 
in 10, while the second ligand spans the opposite Ru-Ru edge, replacing two axial 
carbonyls, also adopting a 92-12:112 bonding mode. The reason for this different choice of 
co-ordination site is probably found in the unfavourable interactions that could arise 
between the three apical carbonyl ligands and the two cyclohexadiene moieties. The 
observed arrangement clearly minimises these steric interactions. Both molecules possess 
molecular and crystallographic C s . m  symmetry with the mirror plane bisecting the C6118 
ligand(s) and comprising the apical Ru-atom and one of its terminal ligands as well as the 
central C(carbide) atom. It is interesting to observe that, in spite of the different crystal 
systems both molecules maintain the mirror symmetry in their crystal structures. There are 
two independent structural units in 11 which are equivalent within the estimated standard 
deviations of the structural parameters, thus bond distances and angles for this species will 
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Figure 2.8: The molecular structure of [Ru5C(CO)13(92-11 2 :11 2 -C6H81,4)] 10 (a) and 
[Ru5C(CO)l1(92112:712C6H81,4)21 11 (b). Hydrogen atoms bear the same numbering as the 
corresponding carbon atoms. Relevant bond distances (A) for 10: Ru(1)-Ru(2) 2.812(1), Ru(1)-Ru(3) 
2.859(1), Ru(2)-Ru(3) 2.844(1), Ru(2)-Ru(2') 2.887(1), Ru(3)-Ru(3') 2.772(1), Ru(1)-C(8) 2.05(1), Ru(2)-
C(8) 2.03(1), Ru(3)-C(8) 1.985(3), C(9)-C(10) 1.497(5), C(10)-C(11) 1.373(6), C(1 I)-C(12) 1.511(6), Ru-
CCO(mean) 1.91(2), CCO-OCO(mean) 1.137(6), Ru(3)-C(1O) 2.302(4), Ru(3)-C(1 1) 2.314(4). Relevant 
bond distances (A) for the two independent molecules A and B of 11: Ru(1)-Ru(2) 2.807(2) 2.828(2), 
Ru(1)-Ru(3) 2.855(2) 2.867(2), Ru(2)-Ru(3) 2.844(2) 2.841(2), Ru(2)-Ru(2') 2.842(2) 2.840(2), Ru(3)-
Ru(3') 2.794(2) 2.808(2), Ru(l)-C(7) 2.10(1) 2.07(1), Ru(2)-C(7) 2.01(1) 2.02(1), Ru(3)-C(7) 2.00(1) 
1.99(1), C(8)-C(9) 1.51(1) 1.54(1), C(9)-C(10) 1.36(1) 1.38(1), C(10)-C(l 1)1.52(1)1.52(1), C(12)-C(13) 
1.52(1)1.50(1), C(13)-C(14) 1.37(1) 1.37(1), C(14)-C(15) 1.51(1) 1.52(1), Ru-CCO(mean) 1.88(3) 
1.89(1), CCO-OCO(mean) 1.14(1) 1.16(1), Ru(2)-C(9) 2.29(1) 2.26(1), Ru(2)-C(10) 2.27(1) 2.28(1), 
Ru(3)-C(13) 2.32(1) 2.32(1), Ru(3)-C(14) 2.30(1) 2.32(1). 
The Ru-Ru bond lengths range from 2.772(1) to 2.887(1) A in 10 and from 
2.794(2), 2.808(2) to 2.855(2), 2.867(2) A in 11, the shortest Ru-Ru bond being, in both 
complexes, involved in the radial 1,4-C6H8 bridge. The longest bond in 10 is the 
unbridged edge opposite to the radially bound t2-TI 2 :rI 2 C6H8 ligand, while in both the 
independent units of 11 the axially bridged bond is longer than the radially bridged one 
12.842(2), 2.840(2) A versus 2.794(2), 2.808(2) A]. The ligands show a clear multiple 
bond localisation between the metal co-ordinated C-C systems [1.373(6) in 10, 1.36(1), 
1.38(1) and 1.37(1), 1.37(1) A for the axial and radial ligands in 11, respectively]. The 
cyclohexa-1,4-diene ligands adopt regular boat conformations. Apart for the different 
localisation of the C=C double bonds within the unsaturated ligand, the geometry of 
complex 10 is strictly comparable with that shown by the analogous 1 ,3-C6H8 derivative 
2. 
The formation of the [Ru5C(CO)13(.t2-71 2 :T12-C6H8-1,4)1 10 from [Ru5C(CO)15] 1 
can be taken to involve first the oxidative removal of two co-ordinated carbonyl groups (by 
oxidation to CO2) creating a co-ordinatively unsaturated central ruthenium cluster. This is 
followed by addition of the diene ligand. This process could also take place via sequential 
carbonyl dissociation with the stepwise addition of the diene bonds. Since the diene spans 
two ruthenium atoms on the square base of the cluster, replacing two equatorial CO 
groups, it would appear that the Me3NO attacks these CO in preference to the others, 
although as an alternative, CO ligand scrambling may occur during the course of the 
reaction. 
The formation of IIRu5C(CO)114t2-TI 2 :T1 2 -C6H8 - 1,4)21 11 from 10 can be 
envisaged as substitution of two axial CO groups, on the opposite two ruthenium atoms to 
which the first diene is bound, by a mechanism paralleling that described for the formation 
of 10. The reason for axial substitution, which persists in solution at the temperature at 
which reaction occurs (indicated by I H n.m.r., vide infra) may be attributed to the steric 
hindrance with respect to the tricarbonyl unit on the apical ruthenium atom, described 
earlier. 
One can speculate that stabilisation of the I ,4-diene upon co-ordination, without 
rearrangement to a 1,3-ligand may be due to the affinity for cyclohexadienes to bond to two 
metal centres. Hence, the stabilisation of the I ,4-diene is understandable, given the 
appropriate and correct disposition of two metal atoms for co-ordination to the 1,4-double 
bond arrangement. In general, however, both 1,4- and 1,5- dienes undergo isomerisation 
to the 1,3-form in the presence of transition metal fragments In the related hexaruthenium-
carbido carbonyl system (see Chapter 3) cyclohexa-1,4-diene isomerises to a 1,3-ring upon 
complexation. This is surprising since many of the other features between the two regimes 
are extremely similar. It has been established in a variety of systems that the conversion of 
co-ordinated 1 ,4-dienes to 1 ,3-dienes occurs via the formation of a hexadienyl-hydrido 
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intermediate, illustrated in Scheme 2.4(a), followed by H-addition as shown in step (i). 
However, work on the triruthenium and triosmium clusters has allowed for the isolation of 
a hydrido-dienyl intermediate, viz. [HM3(CO)9(.t3-11 1 :1 2 :i 2-C6H7)] which readily 
undergoes the formal removal of H2 yielding the benzene complex [M3(CO)9(l.13-11 2 :11 2:r,2-
C61-16)]. 2 '7  This reaction is presumably driven by the demands of the central trimetal units 
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The same process has been proposed in the Ru5C and Ru6C regimes, for the latter, 
it would seem improbable that both aromatization and diene isomerisation takes place via 
the same hydrido-cyclohexadienyl intermediate. Therefore, the isomerisation is believed to 
occur via a it-allylic intermediate of the type shown in Scheme 2.4(b). Throughout this 
process one double bond remains unco-ordinated and hence the same electron count is 
maintained. 
2.9 The 1 H n.m.r. spectroscopy of LRu5C(CO)11(p2-11 2 :1 2 -C6H8-1,4)21 11 
The 1 H n.m.r. spectrum of compound 11 at 296 K comprises of twelve signals, 
labelled A-L in Figure 2.9 (a), eight of which are of relative intensity one, and four of 
relative intensity two (namely signals D, F, J and L). Lowering the temperature of the 
sample to 223 K [Figure 2.9 (b)] improved the resolution of the signals such that it was 
possible to measure some of the larger coupling constants. This spectrum revealed that each 
of the signals D, F, J and L possessed a coupling constant of ca. 7 Hz, with the remaining 
signals A, B, C, E, G, H, I and J each have one large coupling constant of Ca. 18 Hz. The 
resolution of the signals is insufficiently clear for smaller coupling constants to be 
established. These data are consistent with the area one signals being due to the geminal 
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Figure 2.9: 	360 13MHz 'H n.m.r. spectrum of [R115C(CO)I](92-T1 2:11 2-C6H8-1,4)2] 11 obtained at 
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Figure 2.10 (a): The decoupling spectra for [Ru5C(CO)I1(4211 2:11 2 -C6H8-1 ,4 )21 11. 








Figure 2.10 (b): An illustration of the rings showing the appropriate proton assignments. 
CH2 protons, each of which would be expected to be inequivalent to its partner. A series of 
homonuclear decoupling/flOe experiments carried out at 223 K showed signals A, B, D, E, 
F and H belonged to one C61 ­18 moiety, while signals C, G, I, J, K and L are associated 
with the other ring. The series of decoupling spectra obtained from this experiment are 
displayed in Figure 2.10(a). The geminal pairs found using these experiments were A/B, 
C/I, EJH and G/K, with signal D showing small coupling to A/B, F to EM, J to C/I and L 
to G/K, suggesting the proton arrangements illustrated in Figure 2.10(b), for the two 
ligands. 
The observation that the spectrum of compound 11 obtained at 296 K was broader 
than that obtained at 223 K suggests some exchange process. EXSY spectra, depicted in 
Figure 2.11, carried out at 296 K, suggest that the two cyclohexadiene ligands begin to 
undergo site exchange. Cross peaks are thus found between A and G, B and K, C and E, 
H and I, D and L, F and J. 
It therefore appears that at 296 K, the system exhibits two-site exchange. For a 
system exhibiting first order exchange between two sites in the same molecule, it is 
possible to relate cross and diagonal peak intensities derived from EXSY spectra to the 
exchange rate at the temperature at which the experiment was carried out. Assuming this to 
be the case, the rate of exchange can be evaluated by using the equation: 13 
kex = 	1 	. 	In 1+ 'c"d 
2Tm 	1 - 
where, 	kex  = rate of exchange 
Tni = mixing time of EXSY experiment 
Ic = cross peak intensity from EXSY spectrum 
Id = diagonal peak intensity from EXSY spectrum 
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Clearly, the rate of exchange can be estimated by measuring the intensity of cross peaks 
related to their corresponding diagonals, at appropriate mixing times. For this compound, 
three mixing times were used to obtain such spectra, namely 10, 20 and 30 msec, and from 
these kex  was calculated as 31 ± 5 s. 
Further elevation of the temperature caused significant broadening such that by 316 
K all signals arising from diene ring protons were broadened. By 330 K there appeared to 
be just two broad signals forming, these gaining apparent doublet structure by 346 K. 
These signals are at S values of 4.37 and 3.63 ppm. Residual underlying broadness made 
integration of these signals impossible, and further heating of the sample resulted in 
irreversible sample decomposition. 
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Figure 2.11: The 360 BMI-lz 'H 2-D EXSY spectrum of [Ru5C(CO)1 l(I2-1 2 :Tl2-C6H8-1,4)2] 11 
obtained at 296 K. 
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Considering all these phenomena, the n.m.r. behaviour suggests that at 233 K, the 
two C61­18 ligands are in such slow exchange that the 1 H n.m.r. spectrum is essentially that 
of the crystallographically determined structure. At 296 K the two diene ligands appear to 
be undergoing site exchange, probably synchronised to the rotation of the apical tricarbonyl 
unit. At higher temperatures (> 330 K) the situation is less clear, because the sample 
undergoes decomposition. However, in light of the information available, it would appear 
that in addition to the site exchange outlined above, the ligands undergo rapid rotation and 
flexing. 
It has not been possible to measure the 1 C n.m.r. spectrum because of the small 
quantities of this compound presently available. It is clear, however, that the exchange of 
the diene ligands must be accompanied by an equal and opposite exchange of the carbonyl 
ligands attached to the basal ruthenium atoms. As has already been pointed out that the 
motion of the dienes is probably correlated to the rotation of the tricarbonyl group attached 
to the apical metal atom. 
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Synthetic Routes to Arene Cluster Derivatives of IRu6C(CO)171 
This chapter commences with a brief survey of mono- and bis-arene hexaruthenium 
cluster derivatives of IRu6C(CO)171 which includes information providing an insight into 
the formation of the cluster core itself. The original synthetic route to the bis-benzene 
cluster [Ru6C(CO)ll(1 6-C6H6)(93-11 2m2 :11 2-C6FI6)] is described, and after this follows a 
detailed description of an alternative route to this intriguing compound. The route is similar 
to that employed in the preparation of benzene derivatives of [Ru5C(CO)15], involving the 
stepwise introduction of the benzene ligands, via co-ordination of cyclohexadiene in the 
first instance, using trimethylamine-N oxide as a decarbonylation reagent. Expulsion of a 
further carbonyl ligand with the simultaneous 'dehydrogenation' of the ring yields co-
ordinated benzene. Lastly, the synthesis and characterisation of a series of mixed arene-
benzene clusters is reported. Included within this section is a hexaruthenium bis-arene 
compound with a new structural form, comprising of the two aromatic ligands adopting i1 6 
co-ordination sites on ruthenium atoms adjacent to one another on the octahedral cluster 
framework. 
3.1 Introduction: mono-arene hexanuclear clusters of ruthenium 
Ruthenium provides early examples of cluster compounds in which arenes are 
incorporated as it-acid ligands. These compounds are derived from the hexaruthenium-
carbido carbonyl cluster [Ru6C(CO)17] by the substitution of three terminal carbonyl 
groups from one metal atom, for the arene moiety. The high temperature thermolysis of 
[Ru3(CO)12] in an appropriate arene solvent for several hours results in the formation of 
the arene-clusters [Ru6C(CO)14(11 6-arene)] (arene = C6H5Me, C6FI4Me2 and C6H3Me3) 
and the parent cluster [Ru6C(CO)17]. 1  It was not originally possible to isolate the benzene 
analogue, however, it was later found that extended thermolysis of [Ru3(CO)12] in benzene 
afforded this cluster in modest yield. 2 The 16 co-ordination mode of the arene ligand was 
established in the solid state initially for the mesitylene complex, 3 and later, the toluene 
derivative.4 
In both species the metal core consists of an essentially octahedral array of 
ruthenium atoms, familiar to the parent binary carbonyl compound (see Section 5.2). 
Whereas the interstitial carbon atom lies essentially in the centre of the parent carbonyl 
[Ru6C(CO)17], the carbide atom in these arene derivatives lie close to the centre of the 
octahedral cavity, but slightly displaced towards the arene-bearing ruthenium atom. This 
feature has been observed in the 1 6 benzene complexes of the pentaru then ium-carbido 
cluster [Ru5C(CO)15], and will be elaborated upon subsequently. 
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It has been established that the carbide atom in these clusters originates from a co-
ordinated carbonyl ligand in the trinuclear starting material [Ru3(CO)121. 2  More recently, in 
a reinvestigation of the original syntheses of these clusters, it proved possible to isolate two 
new hexaruthenium species which give insight into the formation of the arene products. 5 In 
this study, thermolysis of [Ru3(CO)12] was carried out at somewhat lower temperatures 
than used previously, with the reaction performed in heptane containing mesitylene (10% 
mesitylene, v/v). The known complex [Ru6C(CO)14(j1 6-C6H3Me3)1 was formed together 
with two new compounds [Ru6(11 2 ..114...CO)2(CO)1 3(i 6- C6H3Me3)] and [HR1101 2- 94-
CO)(CO)10241 1 :T1 6-C6H3Me2CH2)] illustrated in Figure 3.1. In the former complex, 
[Ru6(fl2-p4-CO)2(CO)13(11 6-C6H3Me3)], the metal framework is defined by a tetrahedral 
R114 arrangement with two edge-bridging ruthenium atoms. The mesitylene ligand adopts 
the conventional 11 6 terminal bonding mode. The metal core in [HR116(1 2 -.t4-
CO)(CO)13(112-1 1 :11 6-C6H3Me2CH2)1 constitutes that of a trigonal bipyramidal 
arrangement with an additional ruthenium atom bridging an apical-equatorial edge. In this 
compound the mesitylene ligand has undergone a hydride shift from a methyl group to the 
metal framework. The hydride triply bridges a ruthenium face, while the C6H3Me2CH2 
group adopts a .t21 1 :16  bonding mode in which the benzyl ligand bridges two ruthenium 
atoms. This type of bonding has also been observed in the square-antiprismatic 
octaruthenium complex [Ru8(98-P)(CO) 19(.L2-1 l:116..C6FISCH2)] ,6 and is important in the 
sense that the same bonding is exhibited by toluene adsorbed onto a Pt(1 11) surface. 7 The 
thermolysis of [Ru6( 2-p4-CO)2(CO)13(11 6-C6H3Me3)1 in mesitylene results in conversion 
to IRu6C(CO)14(11 6-C6H3Me3)], demonstrating it to be an intermediate in the formation of 
the octahedral-carbido cluster. 
(a) 
	 (b) 
Figure 3.1: 	The structures of [Ru6(712-p4-CO)2(CO)13(T1 6-C6H3Me3)] (a) and [HRu6(712-114- 
CO)(CO) 13012-11 1 l6f}13Me2CH2)] (b). 
3.2 [Ru6C(CO)ll(11 6- C6H6)4L3 -11 2 :11 2 :11 2-C6H6)J: a remarkable molecule 
Almost two decades after the report concerned with the isolation of the first mono-
arene derivatives of [Ru6C(CO)17}, an alternative synthetic technique was used to prepare 
the benzene species. This method was extended further to yield the bis -benzene cluster, 8 
and the reactions involved are presented in Scheme 11. This high yielding reaction 
sequence comprises of the ionic coupling between the pentanuclear dianionic cluster 
(Ru5C(CO)14] 2-  and the cationic, mononuclear benzene fragment [Ru(11 6 -
C6H6)(PhCN)3] 2 , affording the hexaruthenium benzene cluster [Ru6C(CO)14(1 6-C6H6)i. 
Extending this technique, the benzene cluster was reduced (with loss of carbon monoxide) 
using Na2CO3IMeOH to produce the dianionic cluster [Ru6C(CO)13(C6H6)] 2 . On 
treatment with a further aliquot of the cationic capping fragment [Ru(rl 6-C6J-I6)(PhCN)3J 2 
the introduction of a second benzene into the cluster system takes place with the integrity 
of the octahedral metal framework remaining intact. This is quite unusual as a heptanuclear 
cluster would be predicted as the product from such a reaction. A single crystal X-ray 
analysis of this cluster revealed it to be [Ru6C(CO)ii(11 6-C6H6)(13-Tl 2 :71 2 :rI 2-C6H6)1 18, 
in which one of the benzene rings adopts the predominant r 6  co-ordination mode, while the 
other ring acquires a 93-Tl 2 :Tl 2 :Tl2 face-capping mode. The important features of this co-
ordination mode have already been discussed in the introductory chapter (Section 1.2). 
This cluster was reported together with the triosmium species [Os3(CO)9(p3-1 2 :r 2 :1 2-
C6F16)] as the first examples in organometallic cluster chemistry of benzene bonding over a 
trimetal face. 8 
2- 	
(I) 	 (ii) 	
12 




Scheme 3.1: The preparation of [Ru6C(CO)I 1 (TI  6-C6H6)(J.t3-11 2 :r1 2 :T1 2-C6H6)] 18 by sequential ionic 
coupling: (I) addition of [Ru(1 6-C6H6)(PhCN)31 2  to a refluxing CH2Cl2 solution of [Ru5C(CO)14] 2 ; 
(ii) Na2CO3IMeOH and [Ru6C(CO)14(1 6-C6H6)]; (iii) addition of [Ru(11 6-C6H6)(PhCN)31 2 to a 
refluxing CI-12C12 solution of [Ru6C(CO)13(C6H6)] 2 . 
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3 .3 A stepwise synthetic route to the his-benzene cluster from 
[Ru6C(CO)171 
Due to difficulties encountered in reproducing the second step of the ionic coupling 
reaction pathway, described in the section above, an alternative synthesis has been 
developed. 9 
The sequence of reactions utilised in the preparation of the bis-benzene cluster 18 
from I.Ru6C(CO)171 12 involves the initial substitution of two carbonyl ligands for 
cyclohexadiene onto the Ru6C framework, followed by elimination of another CO group, 
which is accompanied by the spontaneous 'dehydrogenation' of the diene ring, yielding a 
co-ordinated benzene. On repetition of this reaction sequence the second benzene ligand 
may be introduced into the system. Scheme 3.2 depicts this sequence of reactions. 
4> (I) • 	 + 
12 	 14 
13 
(ii) 	 4 
(v) 
a 5) I 
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Scheme 3.2. The synthesis of [Ru6C(CO) 11  (fl6-C6H6)(lL3-11 2 71 2 12-C6H6)1 18 from [Ru6C(CO) 171 
12: (i) Me3NO/CH2Cl2 added dropwise to a CH2Cl2/cyclohexa-1,3-diene solution of 12; (ii) 
Me3NO/CH2Cl2 added dropwise to a CH2Cl2 solution of 13; (iii) Me3NO/CH2Cl2 added dropwise to a 
Cl-lClJcyclohexa-1,3-diene solution of 14; (iv) heat to reflux in hexane for 18 h; (v) Me3NO/CH2Cl2 
added dropwise to a CH202 solution of 16; (vi) excess [Ph3C][BF4] added to a CH202 solution of 16; 
(vii) DBU added to a CH202 solution of 17. 
The parent cluster [Ru6C(CO)17] 12 is an ideal starting material for this purpose. 
Although it was isolated initially as a minor product from the thermolysis of [Ru3(CO) 121 
in arene solvents, 1 '2  an autoclave preparation in which [Ru3(CO)12] is heated under 30 
(c) 
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atmospheres of ethylene gas in hydrocarbon solvent affords IRu6C(CO)171 12 in 
approximately fifty percent yield. 10 The cluster may be readily activated towards reaction 
with cyclohexa-1,3-diene or cyclohexa-1,4-diene upon treatment with two molecular 
equivalents of the oxidative decarbonylation reagent trimethylamine-N oxide (Me3NO) in 
dichloromethane containing an excess of the diene. Extraction of the products by t.l.c., on 
silica, eluting with dichioromethane-hexane (1:3, v/v) results in the formation of an orange 
and a brown product in approximately equal yield. The two products have been formulated 
as [Ru6C(CO)1 5Q.t2-n 2 :r1 2-C6H8)] 13 and (Ru6C(CO) 14(i 6-C6H6)I 14, respectively, on 
the basis of spectroscopic information. The mass spectrum of cluster 13 shows a molecular 
ion peak at 1118 consistent with the expected value of 1119. The subsequent loss of 
several carbonyl groups can also be seen, but the fragmentation pattern becomes too 
complicated for the loss of all the carbonyl groups to be observed. The 'H n.m.r. spectrum 
of this species displays four multiplets at 8 5.06, 4.16, 2.16 and 0.95 ppm, of equal 
relative intensity, and may be readily assigned to signals derived from a co-ordinated 
cyclohexa-1,3-diene moiety. A detailed assignment of the spectrum has been made possible 
by carrying out a series of decoupling experiments. Figure 3.2 shows a diagram of the 
diene ring with the appropriate labelling. The former two signals clearly arise from the 
olefinic protons of the diene, while the latter two signals are consistent with aliphatic 






Figure 3.2: 	The assignment of protons in the cyclohexa- 1,3 -diene ring in [Ru6C(CO)15(lt2-11 2:11 2- 
COO 13. 
latter signal also shows coupling to the aliphatic protons of the diene. Hence, the signals at 
4.16 and 5.06 ppm correspond to the protons C/C and D/D', respectively. It is not 
possible to assign the aliphatic protons explicitly from the decoupling experiment, but their 
assignment may be proposed on the basis of their proximity to the metal cluster. Thus, tht 
multiplet at 8 2.16 ppm is attributed to the M-exo protons B/B', and lastly, the M-endo 
protons A/A' give rise to the signal at 8 0.95 ppm. The benzene cluster was characterised, 
in the first instance, by a comparison of the infrared spectrum with that reported in the 
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literature. 2  In order to corroborate the infrared evidence, other spectroscopic data were 
recorded. The mass spectrum of the benzene cluster 14 exhibits a parent peak at 1088 
(calculated = 1089) followed by the loss of fourteen carbonyl groups in succession. The 
1 H n.m.r. spectrum of compound [Ru6C(CO)14(1 6-C6H6)] 14 is much simpler than that 
of IRu6C(CO)15412-TI 2 :1 2-C6H8)] 13, consisting of a singlet resonance at 8 5.56 ppm, 
indicative of an 1 6  benzene ligand co-ordinated to a single metal atom. 
The diene cluster 13 may be converted into 14 by the addition of one further 
equivalent of Me3NO. From this it can be taken that in the previous reaction in which both 
clusters 13 and 14 are generated together, the cyclohexadiene complex 13 is formed 
initially from 12 after the elimination of two carbonyl ligands (removed as CO2 by 
Me3NO) which produces two vacant co-ordination sites on the surface of the cluster, 
followed by addition of cyclohexadiene. This process could also comprise of a two step 
elimination-addition sequence, in which each double bond of the diene consecutively 
replaces the CO ligands. Abstraction of hydrogen from the co-ordinated C61 ­18 must occur 
spontaneously (this being a thermodynamically favourable process, in the sense that 
aromatic molecules have enhanced stabilisation energy) driven by the creation of a further 
co-ordination site on the metal framework when an additional carbonyl group is removed 
by excess Me3NO. The mechanism by which this 'dehydrogenation' process takes place 
probably involves a C-H bond cleavage which results, firstly in the formation of a 
cyclohexadienyl-hydrido intermediate species of formula [HRu6C(CO)14(C6H7)1 
(although, as yet, unidentified). A second C-H bond cleavage would result in the 
generation of the benzene ring, accompanied with evolution of dihydrogen, and hence, 
compound 14. The cyclohexadienyl ring in the proposed reaction intermediate 
[HRU6C(CO)14(C6H7)] could bond to the cluster in a p facial or terminal position. 
Given the nature of the cyclohexadiene precursor, i.e. a bridgingL2-12:12-C6F18 ligand, it 
seems plausible that the C6117 group would triply bridge the ruthenium face, thereby not 
requiring a carbonyl rearrangement at this stage. This scenario is similar to bonding of the 
dienyl ligand found in [HM3C(CO)9(93-1 2 :11 1 :1 2-C6H7)] (M=Ru and Ø s) . 17,18 The 
second C-H bond cleavage would yield the 93 benzene cluster, which must rapidly 
isomerise to [RU6C(CO)14(T1 6-C6H6)] since the former complex has not been observed. 
These mechanistic proposals are consistent with the observation made for the 
pentaruthenium cluster system in which [Ru5C(CO)1 2(t3-1 2 :1 2 :1 2-C6H6)] converts 
irreversibly to [Ru5C(CO) 2(j16-C6F16)] (see Section 2.3). 
3.4 The molecular structures of [Ru6C(CO)15(92-12:12-C6H8)1 13 and 
[RU6C(CO)14(71 6 -C6H6)] 14 
The molecular structures of 13 and 14 in the solid state have been established by 
single crystal X-ray diffraction analyses. Crystals suitable for these analyses were 
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nucleated from a solution of dichloromethane-hexane by slow evaporation, in both cases. 
The solid state structure of [Ru6C(CO)I5(t2-1I 2 :11 2-C6H8]) 13 is depicted in Figure 3.3(a), 
together with relevant bond distances. The metal atom framework in 13 consists of the 
familiar octahedron of [Ru6C(CO)171 12, encapsulating a C(carbide) atom. The 
cyclohexadiene ligand replaces two CO ligands in the parent cluster, thus formally 
contributing four electrons to the cluster frame. The ligand is co-ordinated in a 
fashion spanning an edge of the metal core. The carbonyl ligands are quite unevenly 
distributed about the cluster framework, Ru(1) and Ru(2) each carry one of the it-
interactions formed with the I,3-C61 -18 ligand and two terminal CO groups. Ru(3) bears 
three terminal carbonyl ligands, while both Ru(5) and Ru(6) bear two terminal CO groups 
and one bridging CO ligand each. Ru(4) is involved with two terminal CO and two 
bridging CO interactions. These latter ligands are not symmetrically bound, and show 
longer Ru-C distances from the common Ru(4)-atom [2.20(1) and 2.45(1) A versus 
2.02(1) and 1.94(1) A]. The Ru-Ru bond distances range from 2.834(1) to 2.949(1) A. 
Figure 33 (a): The solid-state molecular structure of [Ru6C(CO)15(42-11 2 :11 2-C6H8)] 13. Relevant 
bond distances (A) for 13: Ru(1)-Ru(2) 2.890(1), Ru(1)-Ru(4) 2.857(1), Ru(1)-Ru(5) 2.936(1), Ru(1)-
Ru(6) 2.876(1), Ru(2)-Ru(3) 2.846(1), Ru(2)-Ru(5) 2.927(1), Ru(2)-Ru(6) 2.926(1), Ru(3)-Ru(4) 2.949(1), 
Ru(3)-Ru(5) 2.928(1), Ru(3)-Ru(6) 2.829(1), Ru(4)-Ru(5) 2.834(1), Ru(4)-Ru(6) 2.887(1), Ru(1)-C(16) 
2.01(1), Ru(2)-C(16) 2.02(1), Ru(3)-C(16) 2.07(1), Ru(4)-C(16) 2.07(1), Ru(5)-C(16) 2.04(1), Ru(6)-C(16) 
2.07(1), Ru(4)-C(1O) 2.20(1), Ru(5)-C(10) 2.02(1), Ru(6)-C(15) 1.94(2), Ru(4)-C(15) 2.45(1), Ru(1)-C(19) 
2.27(1), Ru(1)-C(20) 2.25(1), Ru(2)-C(17) 2.26(1), Ru(2)-C(18) 2.26(1), C(17)-C(18) 1.43(2), C(18)-C(19) 
1.54(2), C(19)-C(20) 1.35(2), C(20)-C(21) 1.5 1(2), C(21)-C(22) 1.60(2), C(17)-C(22) 1.48(1). 
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Although internuclear separations between light atoms in this structure are known with only 
limited accuracy, it is worth noting that the two C=C double bonds within the C6H8 ligand 
that are eclipsed on the Ru-atoms are consistently shorter than the other C-C bonds 
1.42(2), 1.35(2) A versus a mean value of 1.53(2) A obtained from the remaining four 
bonds]. The ligand possesses a twisted conformation in agreement with the 1,3-multiple 
bond localisation. A similar bonding pattern and mode of co-ordination has been observed 
in the related pentanuclear species [Ru5C(CO)13(92-11 2 :rI 2-C6FI8)] 2 in which the C6H8-
ligand replaces two equatorial CO ligands on two adjacent basal metal atoms of the square-
pyramidal metal core (as described in Section 2.2). The non-cyclic 1 ,3-diene, 
CH3CH=CH-CH=CHCH3 has been found to bond to the hexaruthenium cluster in a 
similar 92-1 2 :11 2 bridging manner, with the trans, trans-2,4-hexadiene molecule co-
ordinated to adjacent ruthenium atoms. 11 
rin 	I. .- 
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Figure 3.3 (b): The solid-state molecular structure of [Ru6C(CO)14(11 6-C6H6)] 14, showing the atomic 
labelling scheme; the C atoms of the CO groups bear the same numbering as the corresponding 0 atoms. 
Relevant bond distances (A): Ru(1)-Ru(2) 2.839(1), Ru(1)-Ru(4) 2.910(1), Ru(1)-Ru(5) 2.864(1), Ru(l)-
Ru(6) 2.975(1), Ru(2)-Ru(3) 2.847(1), Ru(2)-Ru(4) 2.97 1(1), Ru(2)-Ru(5) 2.880(1), Ru(3)-Ru(4) 2.853(1), 
Ru(3)-Ru(5) 2.849(1), Ru(3)-Ru(6) 2.999(1), Ru(4)-Ru(6) 2.848(1), Ru(5)-Ru(6) 2.825(2), Ru(1)-C(15) 
2.053(6), Ru(2)-C( 15) 2.091(6), Ru(3)-C(15) 2.054(6), Ru(4)-C( 15) 2.069(6), Ru(5)-C( 15) 1.935(6), 
Ru(6)-C(15) 2.053(6), Ru(5)-C(16) 2.221(8), Ru(5)-C(17) 2.240(8), Ru(5)-C(18) 2.220(8), Ru(5)-C(19) 
2.205(9), Ru(5)-C(20) 2.240(8), Ru(5)-C(21) 2.200(8), Ru(1)-C(1) 1.954(8), C(1)-O(1) 1.156(9), 
Ru(2)"C(1) 2.322(8), Ru(3)-C(8) 2.022(9), C(8)-0(8) 1.123(l 1), Ru(2)"C(8) 2.196(8). 
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The molecular structure of [Ru6C(CO)14(1 6-C6H6)] 14 is depicted in Figure 
3.3(b). From a comparison of Figures (a) and (b), the structural relationship between the 
two molecules can be appreciated, and to reiterate, the 12-T2:12  ligand spanning one 
octahedron edge looks as if it could undergo the initial C-H bond cleavage with movement 
from the bridging position of the diene to a facial site, affording a I3  cyclohexadienyl 
group. This is not to say that the reaction proceeds via this mechanistic pathway, although 
this is clearly the case in the analogous pentaruthenium system. On the assumption that the 
cyclohexadienyl ligand lies over a trimetal face, then a further C-H bond cleavage will 
afford the cluster [Ru6C(CO)14(93-11 2 :11 2 :11 2-C61-16)], as yet unobserved, which then 
undergoes rapid isomerisation to the T16  benzene species. It should be taken into account 
that the carbonyl ligands (and, perhaps, the benzene moiety) are able to scramble around 
the metal framework in solution. This is substantiated by the observation of an almost 
continuous distribution of metal-CO bonding geometries from symmetric bridging, via 
asymmetric and 'bent-terminal' to 'straight' terminal ligands around the octahedral frame in 
the known mono- and bis-arene derivatives of [Ru6C(CO)171 characterised to date. 
Only 'C n.m.r. data exists for the mesitylene cluster, [Ru6C(CO)14(fl 6 -
C61-13Me3)]. 5b  The spectrum at 291 K indicates that there is a total carbonyl fluxionality on 
the n.m.r. timescale since only a single, broad resonance is observed at 6 203.2 ppm in the 
terminal carbonyl region of the spectrum. On cooling to 243 K a second, less intense, 
resonance develops at 6 194.2 ppm and the major signal is further broadened. At the lowest 
temperature achieved, 170 K, a number of shoulders develop on the major resonance, and 
the resonance at 6 194.2 ppm sharpens considerably, but no further peaks can be resolved. 
From this data, it would appear that at least two fluxional processes involving the carbonyl 
ligands are taking place. Both processes must involve a bridging CO ligand, since no 
resonance is observed from this ligand at any temperature, but it is very much apparent in 
the infrared spectrum in solution. This evidence, although circumstantial, does indeed 
concur with the suggestions made concerning the carbonyl groups of the related benzene 
compound. 
The Ru-Ru bond lengths in [Ru6C(CO)14(71 6-C6H6)] 14 range from 2.825(1) to 
2.999(1) A, the two limits corresponding to two apex-equator edges, the shorter bond 
involving the arene-bound Ru(5) atom. This range is only slightly wider than that observed 
in [Ru6C(CO)15(92- 2 :1 2 -C6H8)] 13 with the diene-spanned bond showing an 
intermediate length [2.890(1) A]. The solid state molecular structure of 14 also confirms 
the C(carbide) 'drift' towards the arene ligand previously detected in the related species 
[Ru6C(CO)14(1 6-C6H5Me)],4  and [Ru6C(CO)14(1 6-C6H3Me3)]. 3  In fact, the Ru(5)-
C(15) distance in 14 [1.935(6)] is noticeably shorter than the remaining five distances 
[range 2.053(6)-2.091(6) Ai. 
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3.5 Introduction of a second benzene into the cluster system 
Treatment of [Ru6C(CO)14(r1 6-C6H6)] 14 with two molecular equivalents of 
Me3NO in clichioromethane containing an excess of cyclohexa- 1 ,3-diene or cyclohexa- 1,4-
diene results in the formation of three products. These products may be isolated by t.l.c. 
eluting with a mixture of dichloromethane-hexane (1:1, v/v). In order of elution, a brown, 
an orange and a red product were isolated, and initially formulated on the basis of mass 
spectroscopic data as two benzene-diene isomers [Ru6C(CO)12(C6H6)(C6H8)j 16 and 15 
(in moderate and modest yield, respectively) and from an assessment of the infrared 
spectrum, the target molecule [Ru6C(CO)1 i(11 6-C6H6)(.L3-11 2 :11 2 :Tl 2-C6H6)] 18, in poor 
yield. Verification of the bis-benzene cluster 18 was achieved by a comparison of the mass 
and 1 H n.m.r. spectra with those previously reported, which were found to be in good 
agreement. The mass spectrum exhibited a parent peak at 1082 a.m.u. (caic. = 1083). The 
n.m.r. displayed the two diagnostic singlet resonances of equal relative intensities at S 
5.54 and 4.14 ppm. 
For the two new ben zene-cyclohexadiene clusters 15 and 16 their mass spectra are 
virtually identical, the molecular ion peaks are consistent with the calculated value of 1113, 
followed by the loss of several CO groups in succession, after which the fragmentation 
pattern became too complicated to observe any distinct ions. In the 1 H n.m.r. spectra, both 
complexes exhibit a singlet which corresponds to benzene, since the singlet has a relative 
intensity value of 6, with respect to the eight signals deriving from the diene moiety, all of 
which have equal relative intensities. In 15 the singlet resonance arises at 5 4.22 ppm, this 
low frequency is indicative of a face-capping ligand, while in 16 the signal at 5 5.56 ppm 
is entirely consistent with that of an 1 6 co-ordinated benzene group. 
Assignment of the 1 H n.m.r. spectrum of 16 has been achieved by a combination 
of two dimensional n.m.r. and nOe experiments. The signals deriving from the cyclohexa-
I ,3-diene moiety in 16 at 5 4.95, 4.90, 4.26 and 3.53 ppm are consistent with the olefinic 
protons of the diene system, while those at S 2.10, 1.97, 1.00 and 0.83 ppm arise from the 
aliphatic protons of the diene. The COSY plot of the region is shown in Figure 3.4(a), The 
signals at 5 4.26 and 3.53 ppm (i.e. F and E) only show coupling with each other, and the 
other olefinic proton signals at 8 4.95 and 4.90 ppm (i.e. H and 0), respectively. 
However, these latter signal (H and 0) also shows coupling to the aliphatic protons of the 
diene. This indicates that the signals arising from G and H derive from the 1 and 4 
positions on the diene. Signals E and F. can therefore be ascribed to positions 2 and 3. On 
this basis, the remaining signals can be assigned. 
The chemical shift values of signals E and F are quite unusual for protons on a 
double bond, suggesting that carbon atoms 2 and 3 are those most strongly associated with 
the metal core. The relative stereocheinistries of the protons giving rise to signals A - D, 
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Figure 3.4: (a) The 'H n.m.r. and COSY spectrum showing the signals derived from the cyclohexa-1,3-
diene moiety in [Ru6C(CO)12(11 6 C6Fl6)O92-11 2 :11 2-C6H8)] 16: (b) The assignment of protons indicating 
the appropriate numbering scheme. 
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The fact that eight signals are observed for the diene, along with the range of chemical 
shifts, suggests that the diene is bound asymmetrically to the octahedral metal core. This 
observation is consistent with the single crystal X-ray analysis (vide infra), and indeed, 
formulation of 16 as IRu6C(CO)12(T1 6 -C61­16)Ut2-1 2:1 2-C6H8)1 is appropriate, while that 
of isomer 15 is basically the same, except for the bonding mode of the benzene ligand, 
thereby allowing for formulation as [Ru6C(CO)12(13-11 2:1 2:112-C6H6)(12-11 2:11 2-C6H8)]. 
The signals derived from the diene moiety in 15 have been assigned by comparison 
to the spectrum obtained for 16. Signals observed at 8 5.03, 4.80, 4.07, 3.62, 2.46, 2.02, 
1.13 and 0.95 ppm, are very close to the values observed in the spectrum of 16, hence the 
same labelling shown in Figure 3.4(b) is also applicable to this molecule. 
It would appear that the mechanism by which [Ru6C(CO)12(1 6-C6H6)(.t2-1 2 :11 2-
C6H8)] 16 is formed is similar to that described for compound [Ru6C(CO)154t2-11 2 11 2-
C6H8)] 13, i.e. the sequential loss of two carbonyl ligands (by oxidation to CO2) followed 
by addition of the C6H8 moiety. The reason for the benzene moiety in [Ru6C(CO)12(43-
11 2 : 2 :1 2-C6H6)412-1 2 : 2-C6H8)1 15 adopting a face-capping bonding mode is not fully 
understood, but since there is no evidence for [RU6C(CO)14(11 6-C61-16)] 14 being 
contaminated with an isomer of [Ru6C(CO)14(C6F16)} in which the benzene is 93-11 2 :T1 2 :11 2  
co-ordinated, the migration of the 1 6 benzene ligand to a face-capping site must occur upon 
substitution of the cyclohexadiene ligand. The motion of benzene from 1 6 to 
co-ordination sites is less common than the reverse process. Such a process has been 
identified in the preparation of [H20s6(CO)1 l (l6 .C6fl6)(.t31 2 :Tl 2 :fl 2 C6H6)]. 12 Here, the 
dianionic pentaosmium cluster [H20s5(CO)ll(11 6-C6H6)] 2 undergoes reaction with the 
osmium capping fragment [Os(fl 6-C6H6)(MeCN)3)1 2  and at some stage the benzene 
moves from the single metal atom to a face-capping position. The reaction between the 
hexanuclear anionic cluster [Ru6C(CO)13(C6H6)] 2 and the cationic fragment LRu(T1 6-
C6H6)(MeCN)3I 2  is less obvious since one would expect any product to have a nucleanty 
of seven, rather than the bis-benzene hexanuclear derivative 18. 8 In due course, other 
systems in which 11 6  benzene ligands migrate to a facial site will be described. Mild 
thermolysis of 	 15 results in benzene 
migration, and hence the generation of compound [Ru6C(CO)12(7l 6-C6H6)(.t2-11 2 :11 2-
C6H8)] 16. This latter migration, from 1311 2 :11 2 :112 to 16 has been described previously in 
Section 2.3, and is certainly more common than the reverse process. The mechanism by 
which such migrations proceed is not yet known, although it is possible to speculate that 
bridging i2-13:113  or 92-114 :I1 2  intermediates could be involved in any transition state. 
The bis-benzene cluster 18 is formed in only modest yield from the mono-benzene 
precursor 14, whereas 14 was prepared in much better yields from the parent carbonyl 
complex [Ru6C(CO)17] 12 even though the synthetic methods are, more or less, the same. 
This could be attributed to two possibilities. Firstly, and that preferred, are the inherent 
problems associated with increasingly substituting relatively good carbonyl groups for the 
comparatively poor it-acid benzene ligand. Secondly, it is clear in this case that 
'dehydrogenation' of the C6H8 ligand affords, a t3-112:rI2m2 C6H6 ligand directly, without 
it being formed from the migration of a terminal benzene ligand (verified from the 
observation that the face-capping benzene in 18 undergoes migration at 150°C to yield the 
'sandwich' complex [Ru6C(CO)1l(T1 6-C6H6)2]. 13  Since a face-capping benzene appears to 
have a less aromatic character than an 96  benzene ligand (indicated by 1 H n.m.r., i.e. 
singlets are observed at 67.29 ppm in free benzene, and at 6 5.56 and 4.14 ppm for the 116 
and 93-112:12:112  benzene ligands in 18, respectively) the 'dehydrogenation' process is less 
thermodynamically favourable. Here, it is assumed that [Ru6C(CO)15(92-1 2 :112-C6F18)] 13 
converts to [R116C(CO)14(9 6-C6F16)] 14 without the initial formation of a facially bound 
intermediate, which contradicts the earlier hypothesis, and hence, this argument is less 
favoured. 
3.6 The molecular structures of the isomeric pair [Ru6C(CO)12(93- 
15 and [Ru6C(CO)1201 6 -C6H6)O92 - 
112:T12-C6118)] 16 
The solid state structures of 15 and 16 have been established by X-ray diffraction 
methods. Crystallisation of 15 and 16 was induced from solutions of dichloromethane-
hexane, the former by slow evaporation, the latter at -25°C. The structures of the two 
isomers are closely related and will be discussed together. Structural sketches are shown in 
Figures 3.5 (a) and (b), respectively, accompanied by principal bond parameters. The main 
difference between 15 and 16 arises primarily from the bonding fashion of the benzene 
fragment which is bound in the face-capping mode in 15, while the ligand adopts the more 
common 116 bonding mode in 16. It appears that in both 15 and 16 the benzene ligand is 
located as far as possible from the diene fragment. In 15 this latter ligand spans an apex-
equator edge in a similar manner to that observed in [Ru6C(CO)15(I.t2-T1 2 :1 2-C6H8)] 13, 
while the benzene covers the opposite triangular face, thus formally replacing one terminal 
CO from each Ru-atom of the octahedron face. 
The Ru-Ru bond lengths in isomer 15 show a broader range than in 16, 2.762(1) 
to 2.991(1) A compared with 2.820(1) to 2.948(1) A, respectively. The average metal-
metal bond distance in 15 [2.893(1) A] is only slightly longer than in 16 [2.878(1) A]. In 
16 the Ru(3)-C(13) bond distance, i.e. the one involving the interaction of the C(carbide) 
atom with the benzene bearing ruthenium atom is shorter than the remaining C(carbide)-Ru 
lengths [1.953(5) A versus a mean value of 2.05 1(6) A for the others]. In 15 the p-
11 2:12 :12  benzene ligand exhibits the customary C-C bond length alternation, typical of this 
co-ordination type, with the long bonds straddling the Ru atoms averaging 1.46(2) A, 
whilst the short bonds which eclipse the Ru atoms possess a mean value of 1.37(2) A, the 
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difference between these lengths being 0.09 A. The 11 6 benzene ring in 16 shows no 
recognisable pattern of this type. 
Figure 3.5 (a): The solid-state molecular structure of 
C6H8)] IS, showing the atomic labelling scheme; the C atoms of the CO groups bear the same numbering 
as the corresponding 0 atoms. Relevant bond distances (A) and angles ('): Ru(1)-Ru(3) 2.898(1), Ru(1)-
Ru(4) 2.946(1), Ru(1)-Ru(5) 2.991(1), Ru(1)-Ru(6) 2.762(1), Ru(2)-Ru(3) 2.815(1), Ru(2)-Ru(4) 2.959(1), 
Ru(2)-Ru(5) 2.879(1), Ru(2)-Ru(6) 2.927(1), Ru(3)-Ru(4) 2.851(1), Ru(3)-Ru(6) 2.934(1), Ru(4)-Ru(5) 
2.831(1), Ru(5)-Ru(6) 2.917(1), Ru( 1)-C(1 3) 2.079(8), Ru(2)-C( 13) 2.041(8), Ru(3)-C( 13) 2.049(8), 
Ru(4)-C(13) 2.035(8), Ru(5)-C(13) 2.019(8), Ru(6)-C(13) 2.048(8), Ru(5)-C(20) 2.31(1), Ru(5)-C(21) 
2.32(1), Ru(6)-C(22) 2.18(1), Ru(6)-C(23) 2.22(1), Ru(2)-C(14) 2.19(1), Ru(2)-C(15) 2.39(1), Ru(4)-C(16) 
2.24(1), Ru(4)-C(17) 2.26(1), Ru(3)-C(18) 2.24(1), Ru(3)-C(19) 2.35(1), Ru-CCO(mean) 1.90(1), CCO-
OCO(mean) 1. 13(l), Ru(1)-C(3)-0(3) 137(1), Ru(6)-C(3)-0(3) 138(1). 
The good quality of the diffraction data for this pair of isomers allowed the direct 
location of the hydrogen atoms. The six H-atoms of the p.3- 2 1 2 :t1 2 benzene in 15 are 
bent out-of-plane as previously observed, with most precision in the triruthenium species 
[Ru3(CO)9(93-11 2 :11 2 :11 2-C6H6)]. 14 This out-of-plane bending of the H-atoms has been 
ascribed to a reorientation of the benzene it molecular orbitals for an increased overlap with 
the metal orbitals. 15 The 1,3-C6H8 ligand adopts a twist conformation in both 
[Ru6C(CO) l2(.t3-Tl2:r2:r2-C6H6)(t2-Tl2:Tl2-C6H8)] 15 and [Ru6C(CO) l2(Tl6-C6H6)(t2 -
11 2 : 112-C6H8)] 16. In keeping with the.idea of rather fluxional molecules, it is noteworthy 
that the bridging CO involves atom Ru(6) in 15, i.e. one of the ruthenium atoms carrying 
the C6H8-ligand, while in 16 the bridging CO is on the opposite edge with respect to the 
diene ligand. From a close examination of Figures 3.5 (a) and (b) it is, however, possible 
to appreciate that the formation of a bridging CO along the Ru(2)-Ru(4) bond in the 
structure of 15 is prevented by the presence of the face-capping benzene. One can imagine 
that 16 can be generated from 15 by a slippage of the benzene ligand from the face-capping 
mode into an apical position, this process also requiring simultaneous carbonyl ligand 




Figure 3.5 (b): The solid-state molecular structure of [Ru6C(CO)12(71 6-C6H6)(42-11 2 :11 2-C6H8)] 16, 
showing the atomic labelling scheme; the C atoms of the CO groups bear the same numbering as the 
corresponding 0 atoms. Relevant bond distances (A) and angles ( s ): Ru(1)-Ru(2) 2.860(1), Ru(1)-Ru(3) 
2.917(1), Ru(1)-Ru(4) 2.871(1), Ru(1)-Ru(6) 2.846(1), Ru(2)-Ru(3) 2.834(1), Ru(2)-Ru(5) 2.948(1), 
Ru(2)-Ru(6) 2.881(1), Ru(3)-Ru(4) 2.841(1), Ru(3)-Ru(5) 2.820(1), Ru(4)-Ru(5) 2.926(1), Ru(4)-Ru(6) 
2.929(1), Ru(5)-Ru(6) 2.857(1), Ru(1)-C(13) 2.077(6), Ru(2)-C(13) 2.045(6), Ru(3)-C(13) 1.953(5), 
Ru(4)-C( 13) 2.073(6), Ru(5)-C( 13) 2.013(6), Ru(6)-C( 13) 2.048(6), Ru(5)-C(20) 2.268(8), Ru(5)-C(2 1) 
2.280(7), Ru(6)-C(22) 2.347(7), Ru(6)-C(23) 2.284(7), Ru(3)-C(14) 2.233(6), Ru(3)-C(15) 2.238(6), 
Ru(3)-C( 16) 2.231(7), Ru(3)-C( 17) 2.234(7), Ru(3)-C( 18) 2.239(6), Ru(3)-C( 19) 2.249(6), Ru-CCO(mean) 
1.89(1), CCO-OCO(mean)  1.15(1), Ru(1)-C(1)-0(l) 132(l), Ru(4)-C(1)-0(1) 143(1), Ru(2)-C(4)-0(4) 
149(1). 
The bis-benzene cluster [Ru6C(CO)ll(T 6-C6H6)(13-rI 2:11 2m2-C6H6)] 18 may also 
be generated directly from either of the ben ze ne-c yclohexadiene clusters 15 or 16, upon 
treatment with a further equivalent of Me3NO. For 16, this seems relatively 
straightforward. Generation of a vacant co-ordination site on the metal core (due to 
oxidative removal of CO) would create the necessary driving force for a C-H bond 
cleavage, affording a i3 cyclohexadienyl-hydrido intermediate, which undergoes a second 
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C-H bond cleavage, and hence, on loss of dihydrogen, the bis-benzene cluster 18. With 
15 one would expect treatment with Me3NO to result in the formation of a bis-benzene 
species in which both ligands adopt face-capping co-ordination modes, however, 
compound 18 is produced. Here there are two possible mechanisms which may be at play. 
Firstly, the diene may undergo 'dehydrogenation' (via the same type of process outlined 
above) but directly Onto a single metal atom. Alternatively, the diene may convert to a .13 
benzene which then rapidly migrates to a terminal site, this being an isomerisation step 
Observed in related systems. 
An alternative, higher yielding method for converting 16 to 18 has been developed. 
Treatment of [Ru6C(CO)12(11 6-C6H6)(12-1 2 :1 2-C6H8)] 16 with the trityl cation 
[Ph3C][BF4] results in the formation of the benzene-dienyl species [Ru6C(CO)12(T' 6-
C61­1603-11':1 2 :11 2-C6H7)] 17. This reaction proceeds by simply abstracting a hydride 
from the co-ordinated cyclohexa-1,3-diene ring in the precursor compound. 
Characterisation of this benzene-dienyl complex 17 is based solely on spectroscopic 
information. The symmetry of the infrared u co  absorption band pattern of 17 is virtually 
identical to that of the starting material 16, albeit shifted to higher wavenumbers by 30-45 
cm-1 . For a hexaruthenium cluster this corresponds to an increase in positive charge of 
approximately one unit. The mass spectrum value of 1113 is quite consistent with the 
formulation (caic. = 1112). The 1 H n.m.r. spectrum displays a singlet at 8 6.00 ppm, 
indicative of an 1 6  benzene ligand, and a series of signals at 8 values of 5.64, 5.06, 4.30, 
3.22 and 2.59 ppm of relative intensity 1:1:2:2:1, respectively, signifying a dienyl moiety, 
allowing for the proposal of the cationic complex 17. Although no further experiments 
were performed in order to fully assign the 1 H n.m.r. spectrum, the frequencies and 
relative intensities of the signals are compatible with those observed for the triosmium-
dienyl cluster [HOs3(CO)9(.t341 1 :1 2 :Tl 2-C6H7)] which exhibits signals at ö 5.77, 5.36, 
4.64, 2.82, 2.60 ppm for the hexadienyl ring, with a similar intensity pattern. 16 
Compound 17 represents a rare example of a cyclohexadienyl ligand bonded to a cluster 
unit, the other known examples being those based on the trimetal (M = Ru,17 O s'  16) frame. 
In both these examples the dienyl moiety is bonded above a triangle of three metal atoms. 
In the example reported it is not possible to be certain of the bonding mode, as crystals of 
17 suitable for X-ray analysis have not been grown, but there do not appear to be any 
established examples of a dienyl bonded to one metal atom in a transition metal cluster. 
Since the diene ligand in 16 can be converted to a t3-12:12:112 benzene group there is 
indirect evidence for the .13 bonding mode of the dienyl ligand proposed in 
17. Reaction of this cationic cluster with 
the non-nucleophilic base DBU (1,8-diazabicyclo[5.4.0]undeca-7-efle) brings about the 
removal of a proton from the ring system, affording the bis-benzene cluster 18. 
3.7 Variations to the synthetic routes outlined thus far 
The use of Me3NO as a 'chemical activator' permits many modifications on the 
route described for the preparation of [Ru6C(CO)1 i(11 6-CJ-I6)(t3..rl 2 :7 2 :Tl 2-C6H6)] 18. 
For instance, a convenient one step synthesis of this cluster involves the dropwise addition 
of six molecular equivalents of Me3NO to a solution of [Ru6C(CO)171 12, in 
dichioromethane containing an excess of cyclohexa- 1 ,3-diene. The entire range of products 
described in the stepwise activation route, viz. [Ru6C(CO)15(i2-1 2 :fl 2 -C61-18)] 13, 
[RU6C(CO)14(r1 6-C6H6)] 14, [Ru6C(CO)12(93-1l 2 :1 2 :rl 2-C6H6)(92-11 2:1 2-C6H8)J 15, 
[Ru6C(CO) l2(r 6-C6H6)(J.L2-1 2 :11 2-C6H8)] 16 and [Ru6C(CO)11 (r 6-C6H6)(.L3-1i 2 :r 2 :r 2-
C61-16)] 18 are all isolated from the reaction in modest yield. 
A further alternative to the chemical activation route in which the hexaruthenium 
parent cluster [Ru6C(CO)17] 12 reacts with dienes and even benzene itself, involves a 
series of reactions more commonly employed in the preparation of derivatives of ruthenium 
and osmium carbonyl clusters. This route comprises of the initial substitution of carbonyl 
ligands by acetonitrile, a comparatively labile group, followed by their subsequent 
displacement for the desired ligand. For example, two carbonyl ligands can be substituted 
in the triosmium cluster 10s3(CO)12] for acetonitrile ligands, under ambient conditions, 
yielding [0s3(CO)lo(MeCN)21. 18  Substitution reactions of this highly reactive complex 
have been exhaustively studied. In a similar vein, the bis-acetonitnie tetraosmium complex 
[H40s4(CO)lO(MeCN)21 undergoes reaction with cyclohexa-1,3-diene in dichloromethane, 
heated to reflux for 24 hours, yielding the diene cluster [H20s4(CO)1 l(714-C6H8)]  and also 
the benzene and diene-benzene species [I -120s4(CO)lo(11 6-C6H6)] and [0s4(CO)9(T1 6-
C6F16)(11 4-C6H8)1. 19  Clearly this reaction is more complicated than simply displacing the 
acetonitrile ligands for the diene, but this may be due, at least in part, to the long reaction 
period used. It has been found that if the same bis-acetonitrile complex is stirred at room 
temperature for a much shorter period, mostly the diene species [H20s4(CO)11 (T1 4-C6H8)] 
is isolated.20 
In the case of [Ru6C(CO)17] 12 a tris-acetonitrile derivative may be prepared by 
reaction with three molecular equivalents of Me3NO added dropwise in acetonitrile, to a 
room temperature solution of the parent cluster in a solution of dichloromethane-
acetonitrile. The activated product from this reaction is purified by rapid filtration through 
silica, which affords relatively pure material. Characterisation has been based entirely on 
infrared spectroscopic data. The infrared spectrum (u) of the starting material 
[Ru6C(CO)17] 12 largely consists of two strong stretches at 2066 and 2047 cm. The 
acetonitrile derivative exhibits two weak bands at 2030, 2008 cm -1 and a strong band at 
1992 cm-1 . This latter band probably corresponds to [Ru6C(CO)14(MeCN)3], while the 
weaker bands could arise from the mono- and bis-•substituted adducts, 
Ru6C(CO) 16(MeCN)] and [Ru6C(CO) 15(MeCN)2J, respectively. The shift to lower 
wavenumber in the infrared spectra is quite considerable with respect to the starting 
material. The activated compound is unstable, and once generated is reacted immediately 
with the types of ligands concerned with in this study. Heating this reactive intermediate to 
reflux in dichloromethane containing an excess of either cyclohexa- 1 ,3-diene, or directly 
with benzene, results in the formation of [RU6C(CO)I4(T1 6-C6H6)] 14, in good and modest 
yields, respectively. 
Very recently, a preparation of the benzene cluster 14 has been reported in which 
the benzene source is I ,3,5-hexatriene, 21  the reaction products are illustrated in Scheme 
3.3. Reaction of 12 with 1,3,5-hexatriene (a mixture of cis- and trans-isomers) in heptane, 
in a sealed system at 155°C for 21 hours results in the formation of three major products. 
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Scheme 3.3: The products from the reaction of [Ru6C(CO)12] 12 with 1,3,5-hexatriene, and their 
interconversion. 
These products have been identified as two hexatriene isomers [Ru6C(CO)14(L-s-cis,s-cis-
trans-I [Ru6C(CO) 14(I.t-s-trans,s-cis-trans- l,2-2-
4-6-ia- CH2CHCHCHCHCH2)1 and the known species [Ru6C(CO)1 4(i6-C6H6)]  14. 
Although one can envisage 'dehydrogenation' and rearrangement of the co-ordinated 
trienes in the aforementioned species, to yield the benzene derivative, no such process has 
been observed. Since both the triene complexes are derived from trans-ligands, and not a 
cis-isomer, it is possible that it is this cis-1,3,5-hexatriene that produces the benzene cluster 
14, probably via initial conversion to cyclohexadiene. This step is proposed by the authors 
as they have also found that cyclohexa-1,4-diene reacts with the parent cluster 12 under 
almost identical conditions, 13 affording [RU6C(CO)14(11 6-C6H6)] 14, and the bis-benzene 
isomers [Ru6C(CO) 11(T1 6 C6H6)(,.L3-T 2 :r 2 :11 2-CH6)i 18 and [Ru6C(CO) ll (TI 6-C6H6)2], 
this latter cluster consisting of a sandwich-type structure. 
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The highest yielding route to the bis-benzene cluster involves a combination of the 
two reaction types described in Sections 3.2 and 3.3. Introduction of the first benzene 
ligand into the cluster system using the ionic coupling method, as employed in the original 
synthesis, followed by the chemical activation route in which the second benzene moiety 
can be substituted into the cluster unit. 
3.8 Preparation of hexaruthenium arene-benzene complexes 
The ionic coupling reaction described in the preparation of [Ru6C(CO)14(71 6 -
C61-16)] 14 is general and can be applied to generate the range of hexaruthenium arene-
clusters [Ru6C(CO)14(116-arene)] (arene = C6H5Me 19, C61-l4Me2 20 or C6H3Me3 21) in 
high yield. As stated earlier, these compounds have also been reported as the products of 
the direct reaction of [Ru3(CO)12] with the appropriate arene. 1 Identification of these 
products was based, in the first instance, on a comparison with their infrared spectra 
reported previously, which are indeed compatible. The same overall profile in the u c 
region is apparent in each spectrum. The only variation being that as methyl group 
substitution increases on the arene ring, overall the bands are shifted to slightly lower 
wavenumbers. This movement is by approximately 1 cm -1 for each additional methyl group 
attached to the ring. In order to substantiate the identification procedure, mass and 1 H 
n.m.r. analyses were made. The reported mass spectra of these complexes (19 - 21) 
showed molecular ions of the appropriate weight, followed by a stepwise loss of fourteen 
carbonyl groups. Similar features were observed again, although in one case, 19, the 
spectrum was too complicated to clearly observe the fragmentation of all fourteen carbonyl 
groups. The 1 H n.m.r. spectra are also in reasonable agreement with those reported. Once 
again, the toluene derivative 19 bears least resemblance, the 1 H n.m.r. spectrum exhibiting 
two mutiplets and one singlet resonance centred at S values of 5.58, 5.25 and 2.21 ppm 
with relative intensities 4:1:3 (reported = 55.49 and 2.15 ppm, relative intensity, 5:3). One 
can visualise how the former spectrum could be derived from the latter. The 1 H n.m.r. 
spectrum of the m-xylene species [Ru6C(CO)14016-C61-L4Me2)] 20 consists of resonances 
at 5 5.54 (m, 1H), 5.32 (m, 1H) and 2.26 (s, 3H) ppm, compared to literature values at S 
5.50 (2H), 5.30 (1H), 5.23 (11-1) and 2.22 (6H) ppm. Lastly, the spectrum of 
[Ru6C(CO)14(11 6-C6H3Me3)J 21 shows two singlets at 5 5.30 and 2.32 ppm (lit. = 5 5.30 
and 2.33 ppm) with relative intensities for both spectra of 1:3. All these spectra can readily 
be assigned to the corresponding arene from which they are derived. Since the new data 
and the literature spectra were recorded in the same solvent (CDC13) improvement in n.m.r. 
instruments and techniques over the years must be largely responsible for the difference 
between spectra. Nonetheless, sufficient evidence indicates that the compounds, whether 
prepared by thermolysis in arene solvent, or ionic coupling are the same. 
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The reaction of these arene-compounds (19- 21) with two molecular equivalents of 
Me3NO in dichioromethane in the presence of cyclohexa- 1 ,3-diene or cyclohexa- 1 ,4-diene 
affords, after t.l.c. on silica, two products. The products were initially formulated by a 
comparison of their infrared carbonyl stretches with the products isolated from the stepwise 
reaction sequence in which IRu6C(CO)1 1 (1 6- C61-1 6)U.t3 -12 :i2:12-C6H6)1 18 is prepared 
from [Ru6C(CO)17] 12. Immediately, the similarity between the major product from these 
reactions and the benzene-diene cluster [Ru6C(CO)12(11 6-C6J-I6)(p2-11 2 m2-C6H8)] 16, and 
the minor product with the bis-benzene cluster 18 can be appreciated. On this basis, it is 
not unreasonable to initially propose that the products are [Ru6C(CO)12(1 6-arene)412-
112:112-C6H8)i (arene = C6H5Me 22, C6H4Me2 23 or C6H3Me3 24), and the bis-arene 
compounds [Ru6C(CO)1 1(1 6-arene)(.13-11 2 :Tl2 :11 2-C6H6)] (arene = C6H5Me 25, C6I-LIMe2 
26 or C6H3Me3 27). 
All the mixed arene-diene compounds 22 - 24 exhibit a similar and diagnostic 
infrared spectrum in the uco region to the benzene-diene analogue 16. The symmetry of the 
spectra remains virtually unchanged upon alteration of the arene, while the main stretches 
decrease in wavenumber by approximately 1 cm -1 for each methyl group substituted on to 
the aromatic ring. The 1 H n.m.r. spectra of the compounds are also similar to one another, 
and that of compound 16. The arene moieties all show chemical shifts typical of 11 6 
ligands, and are summarised in Table 3.1. Particularly noteworthy are the spectra of 22 
and 23. The spectrum of [Ru6C(CO)12(r1 6-C6H5Me)(92-11 2 :11 2-C6H8)] 22 shows five 
different aromatic toluene signals, consistent with the asymmetry inherent in the system. 
Similarly, two methyl signals are obtained for the xylene derivative 23. In each complex 
the eight signals derived from the cyclohexa-1,3-diene moiety are to within 0.1 ppm (if not 
much closer in value) of those found in the benzene adduct 16, which has been assigned in 
detail in Section 3.5. Hence, it is not unreasonable to relate the same assignments to these 
spectra, with the diene ligands occupying bridging positions with one ic-interaction with a 
ruthenium atom cis, and the other ic-interaction trans, to the metal atom to which the 1 6 
arene interacts. The only spectrum which may cause some confusion is that of 
IRu6C(CO)12(1 6-C6H3Me3)(I12-1 2 :fl 2- C6H8)] 24 in which the signal arising from the 
arene C-H protons is very close to the chemical shift usually obtained for dichioromethane. 
In this spectrum, no signal is present for this solvent, whereas it is normally observed, 
although at only a low impurity level. Although the singlet resonance at 8 5.33 ppm 
integrates well with the remaining signals, the signal attributed to the methyl group protons 
at 8 2.30 ppm was strongly irradiated in order to see if an nOe was experienced between 
the two signals. After subtraction of the two spectra, a large enhancement of 23 % was 
observed, confirming the signal to be that derived from the ring. 
Similarly, the infrared spectra of compounds 25 - 27, in the UCO  region are closely 
related. While the overall symmetry remains the same as that of the bis-benzene species 18, 
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the shift of the spectra to lower wavenumbers with increasing methyl group substitution on 
the aromatic ring is apparent. Their 1 H n.m.r. spectra are much simpler than those of 22 - 
24, and are also listed in Table 3.1. 
Table 3.1: The 'H n.m.r. spectroscopic data of compounds 22 - 27. 
8(H)Arene (H)Me 
2 5.59 (t of d, 1H) 2.22 (311) 
5.53 (t of d, 1H) 
5.49 (d, 1H) 
5.47 (d, 1H) 
5.21 (toft, IH) 
5.59 (m, 2H) 2.26 (3H) 
5.23 (m, 2H) 2.23 (311) 
24 5.33 (31-1) 2.30 (61-1) 
ö(H) t3-rt2:12:fl2-C6H6 ö(H) T1 6-arene 	ö(H) Me 
25 4.12 (6H) 
26 4.10 (61-1) 5.53 (m, 2H) 	2.26 (6H) 
5.27 (m, 2H) 
27 4.09 (61-1) 5.55 (311) 	2.29 (9H) 
In compounds 22, 23 and 24, it would appear that the diene co-ordinates in the 
1,3-form regardless of the diene used in the reaction. The mechanism for the 1,4- to 1,3-
isomerisation should be similar to that described for the formation of the 1,3-products from 
cyclohexa-1,4-diene in the sequence of reactions leading to the related bis-benzene 
complex, and involving a hydrido-allylic intermediate (see Section 2.8). In turn, clusters 
22 - 24 react with a further equivalent of Me3NO in clichioromethane to generate the mixed 
arene-benzene clusters, thus improving the overall yield of the arene-benzene clusters 25 - 
27. 
Clusters, 25 and 27 have also been prepared from the benzene species 
[Ru6C(CO)14(1 6-C6H6)] 14, by activation using three molecular equivalents of Me3NO 
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towards the appropriate substituted diene (i.e. dihydrotoluene, and dihydromesitylene). 
The same products are obtained from these reactions, in which the benzene ligand occupies 
a face-capping trimetal site, with the methyl-substituted arene bonding to a single ruthenium 
atom. Clearly, the benzene has undergone migration from the 1 6 position to the I3 -
12 :12 :1 2  site at some stage during the reaction. The factors which govern the preferential 
co-ordination of these ligands on the cluster surface can be envisaged as both electronic and 
steric in nature. In order to delineate between these effects, other bis-arene complexes 
based on the same hexaruthenium cluster system have been prepared, and are described in 
the proceeding Chapter. 
3.9 The molecular structures of [Ru6C(CO)1 1(16-arene)(93-11 2:12:1 2.. 
C6H6)] (arene = C6H5Me 25 and C6H4Me2 26) 
The formulation of the toluene-benzene and xylene-benzene derivatives was 
substantiated by single crystal X-ray diffraction analyses of the two compounds. Crystals 
of both 25 and 26 were nucleated from the slow evaporation of dichioromethane-hexane 
solutions. The molecular structures of [Ru6C(CO)i1 (l 6 C5Me)(312.12:1 2 C6}J6)] 25 
and [Ru6C(CO)ll(Tl 6-C6H4Me2)(.L3-1 2 :rI 2 :11 2-C6H6)1 26 are closely related and will be 
discussed together. Molecular sketches are shown in Figures 3.7 (a) and (b) for 25 and 
26, respectively. Note that only one of the two crystallographically independent molecules 
present in the asymmetric unit of 26 is shown. Principal bond distances and angles for 25 
and 26 are listed below the appropriate diagrams. Both complexes possess the familiar 
hexaruthenium cluster core present in [Ru6C(CO)17], and most of its derivatives, with the 
octahedral cavity accommodating the interstitial C(carbide) atom. The two complexes are 
characterised by the presence of two arene ligands bound to the metal frame. In both 25 
and 26 the methyl substituted arene ligand is in an 1 6 bonding mode, while the benzene 
ligand is bound in the face-capping co-ordination mode. The distribution of the arene 
ligands is therefore similar to that observed previously in the bis-benzene prototype 
[Ru6C(CO)i 1(1 6-C6H6)(93-1 2 :71 2 :1 2-C6H6)]. 8  Analogously, the carbonyl ligand 
distribution also recalls that observed in this latter compound, and in [Ru6C(CO)17], as 
well as most of the known substituted derivatives, i.e. with one CO occupying a bridging 
position along one edge of the molecular equator, while the remaining ten carbonyl ligands 
show different degrees of symmetry and bending in the two crystal lattices. 
As mentioned above, there are two independent molecules in the asymmetric unit of 
[Ru6C(CO)11 (1 6-C6H4Me2)(93-11 2 :1 2 :1 2-C6H6)] 26; Figure 3.8 shows a comparative 
projection of the two molecules of 26 (26A and 26B in the Figure) as well as that of the 
toluene-benzene analogue 25. Taking the bridging CO as reference, it can be appreciated 
that the three molecules differ slightly (but significantly) in the rotameric conformation of 








Figure 3.7 (a): The molecular structure of [Ru6C(C0)1 1(1 6-C6H5Me)(,.13-1 2 :11 2 :11 2-C6H6)1 25 in the 
solid state showing the atomic labelling scheme; the C atoms of the CO groups bear the same numbering 
as the corresponding 0 atoms. Relevant bond distances (A): Ru(1)-Ru(2) 2.870(1), Ru(1)-Ru(4) 2.891(1), 
Ru(2)-Ru(2A) 2.950(1), Ru(2)-Ru(3) 2.817(1), Ru(2)-Ru(4) 2.942(1), Ru(3)-Ru(4) 2.908(1), Ru(4)-Ru(4A) 
2.789(1), Ru(1)-C(8) 2.225(6), Ru(1)-C(9) 2.249(6), Ru(1)-C(10) 2.265(9), C(7)-C(8) 1.416(8), C(8)-C(9) 
1.401(9), C(9)-C(10) 1.405(7), C( 10)-C( 11) 1.51(1), Ru(1)-C( 15) 1.942(8), Ru(2)-C( 15) 2.033(5), Ru(3)-
C( 15) 2.062(8), Ru(4)-C( 15) 2.085(5), Ru(4)-C(6) 2.035(6), Ru(2)-C( 12) 2.283(6), Ru(2)-C( 13) 2.208(6), 
Ru(3)-C(14) 2.288(6), C(12)-C(12A) 1.45(1), C(12)-C(13) 1.398(9), C(13)--C(14) 1.417(9), C(14)-C( 14A) 
1.43(1). 
also been witnessed in the case of the two crystalline forms of Ru6C(C0)17 (see Section 
5.2) and for the mono-arene derivatives [Ru6C(C0)14(r1 6-arene)] 14, 19 and 21. As in 
all these cases, the difference between 26A and 26B can be ascribed to the optimisation of 
intermolecular packing interactions in the presence of a shallow conformational potential. 
Molecule 25 possesses molecular and crystallographic rn-symmetry with the mirror plane 
bisecting both arene ligands and comprising of the unique bridging CO, the methyl group 
and the C(carbide) atom. 
A comparison of some relevant structural parameters is also noteworthy, those 
related to 26 will be given as pairs of chemically equivalent values over the two 
independent structures. The Ru-Ru bond lengths range from 2.798(1) to 2.950(1) A in 25, 
and from 2.819(1) to 3.015(1) A and 2.805(1) to 2.980(1) A in 26A and 26B, 
respectively. Interestingly, only in 25 the shortest bond length is the one spanned by the 
bridging carbonyl ligand, while in 26A and 26B the shortest bonds involve an unbridged 
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Figure 3.7 (b): The solid-state molecular structure of {Ru6C(CO) 11 (71 6- C6H4Me2)(11 3 -11 2 : 11 2 :1 2 
C6H6)] 26. Note that only one of the two independent molecules (26A) is shown. The C atoms of the CO 
groups bear the same labelling as the corresponding 0 atoms. Relevant bond distances (A) for the two 
molecules A and B: Ru(1)-Ru(2) 2.883(1) 2.876(1), Ru(1)-Ru(4) 2.884(1) 2.917(1), Ru(1)-Ru(5) 2.865(l) 
2.874(1), Ru(1)-Ru(6) 2.911(1) 2.856(1), Ru(2)-Ru(3) 2.908(1) 2.919(1), Ru(2)-Ru(4) 2.827(1) 2.805(1), 
Ru(2)-Ru(6) 2.869(1) 2.980(1), Ru(3)-Ru(4) 2.872(1) 2.915(1), Ru(3)-Ru(5) 2.819(1) 2.820(1), Ru(3)-
Ru(6) 2.824(1) 2.915(1), Ru(4)-Ru(5) 3.015(1) 2.865(1), Ru(5)-Ru(6) 2.908(1) 2.954(1), Ru(1)-C(99) 
1.925(9) 1.907(l 1), Ru(2)-C(99) 2.081(8) 2.068(l 0), Ru(3)-C(99) 2.083(9) 2.108(l 1), Ru(4)-C(99) 
2.049(9) 2.044(10), Ru(5)-C(99) 2.028(8) 2.041(10), Ru(6)-C(99) 2.073(8) 2.068(10), Ru(2)-C(3) 
2.051(12) 2.045(14), Ru(4)-C(3) 2.05(1) 2.07(2), Ru(I)-C(12) 2.281(14) 2.224(13), Ru(1)-C(13) 2.227(13) 
2.24(2), Ru(1)-C(14) 2.226(12) 2.25(2), Ru(1)-C(15) 2.239(13) 2.211(13), Ru(1)-C(16) 2.266(13) 2.27(2), 
Ru( 1 )-C(17) 2.264(12) 2.253(13), C(12)-C( 13) 1.39(2) 1.40(2), C(13)-C(14) 1.43(2) 1.40(2), C(14)-C(15) 
11.42(2) 1.47(3), C(15)-C(16) 1.42(2) 1.40(2), C(16)-C(17) 1.40(2) 1.43(2), C(17)-C(12) 1.44(2) 1.37(2), 
C(12)-C(18) 1.50(2) 1.50(2), C(16)-C(19) 1.47(2) 1.55(2), Ru(3)-C(20) 2.309(7) 2.191(9), Ru(3)-C(25) 
2.220(7) 2.352(10), Ru(5)-C(23) 2.243(7) 2.297(9), Ru(5)-C(24) 2.283(8) 2.201(10), Ru(6)-C(21) 2.210(8) 
2.276(10), Ru(6)-C(22) 2.344(7) 2.262(10), C(20)-C(21) 1.432(10) 1.446(10), C(21)-C(22) 1.469(10) 
1.472(10), C(22)-C(23) 1.420(10) 1.391(10), C(23)-C(24) 1.385(10) 1.455(10), C(24)-C(25) 1.455(10) 
1.384(10), C(25)-C(20) 1.388(10) 1.436(10). 
edge and one arene-bridged edge, respectively. However, the longest bond in 25 is an 
equatorial, arene-bridged edge, [Ru(2)-Ru(2a)], while in both 26A and 26B it is one 
joining the carbonyl bridged equatorial edge [Ru(5)-Ru(6) in 26A, and Ru(2a)-Ru(5a) in 
26B1. These differences, coupled with the large and statistically significant differences in 
the range of bond lengths (chemically equivalent bonds show differences that are one order 
of magnitude larger than the estimated standard deviations on the individual values) go 






Figure 3.8: Comparative projections of 25 (a) and the two independent molecules of 26 (b and c) 
showing the different rotameric conformation of the 71 6 arene ligands with respect to the CO-bridged 
equator 
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highly deformable and are capable of adapting the molecule to suit the steric requirements 
of the surroundings with very small expenditure of internal bonding energy. 22 
Alternatively, the small energy changes associated with a lengthening of the metal-metal 
bond is compensated for by more favourable bonding and nonbonding steric interactions 
for the ligands. 23 
The Ru-C(carbide) distances in both [Ru6C(CO)ll( ,1 6-C6H5Me)41 3 -11 2 : 11 2 :T1 2-
C61-16)] 25 and [Ru6C(CO)j 1 (l6C6H4Me2)4L311 2 :11 2 :11 2 C6H6)] 26 show the expected 
displacement of the interstitial atom towards the Ru-atom carrying the 16 bound arene. This 
effect is systematically present in all 11 6 arene substituted carbido clusters. The distances, 
Ru(1)-C(15) in 25, Ru(1)-C(99) in 26A and Ru(1A)-C(99A) in 26B are 1.94(1), 1.93(1) 
and 1.91(1) A, respectively, while the remaining Ru-C(carbide) bond distances average 
2.04(1) A in all three compounds. 
It is worth noting that the out-of-plane bending of the H-atoms bound to the face-
capping benzene ligands observed in [Ru3(CO)9(93-11 2 :11 2 :11 2-C6H6)] 14 is also clearly 
visible in 25 and 26. 
3.10 Conformers in the crystal of [Ru6C(CO)14(r1 6 -C61_14Me2)] 20 
At this stage, it is worth mentioning [Ru6C(CO)14(71 6-C6H4Me2)] 20, the 
precursor to the xylene-benzene complex 26. This xylene species has also been deciphered 
by a single crystal X-ray diffraction study, using a crystal obtained from a solution of 
toluene stored at -25°C. In this complex there are also two independent and different 
molecules present in the asymmetric unit, and in this case the xylene group shows a more 
dramatic orientation between the two molecules. Figure 3.9(a) shows a diagram of the solid 
state molecular structure of 20, while Figure 3.9(b) shows comparative projections of the 
two molecules perpendicular to the xylene ring plane. With reference to the quasi-
symmetric bridging carbonyl ligand in the two molecules [C(4) 0(4)], it can be appreciated 
that the conformations of the two xylene ligands differ, with respect to the CO bridged 
equator, by a rotation of Ca. 120°, one CH3 group in 20A being almost eclipsed with the 
C(4)0(4) ligand, while in molecule 20B both CH3 groups are on the opposite side with 
respect to the bridging ligand. The CO-ligands in the two molecules also show different 
patterns of symmetric bridging, asymmetric bridging and bent terminal geometries. In this 
respect, it is appropriate to describe the crystal cf 20 as a mixed-crystal system in which 
two conformational isomers have co-crystallised. 
The intramolecular van der Waals energy for rotation of the xylene ligands about the 
co-ordination axis in the two independent molecules of 20 has been estimated by atom-
atom potential energy calculations, and shows that, although separated by high energy 
barriers, three minima of comparable energy are present every 120° rotation in both plots. 




3.9(b) for the two molecules. Given the high internal barrier to rotation, reorientation of the 
ligand in the solid state so as to dynamically occupy the three sites is regarded as 
Figure 3.9 (a - c): (a) The solid-state molecular structure of [Ru6C(CO)14(11 6-C6H4Me2)] 20. Only one 
of the two conformers present in the asymmetric unit is shown (20A). The C atoms of the CO groups bear 
the same numbering as the corresponding 0 atoms. Relevant bond distances (A): Ru(1)-Ru(2) 2.954(2), 
Ru(l)-Ru(4) 3.006(3), Ru(1)-Ru(5) 2.852(1), Ru(1)-Ru(6) 2.849(3), Ru(2)-Ru(3) 2.836(3), Ru(2)-Ru(5) 
2.927(2), Ru(2)-Ru(6) 2.883(2), Ru(3)-Ru(5) 2.946(3), Ru(3)-Ru(6) 2.894(1), Ru(3)-Ru(4) 2.875(2), 
Ru(4)-Ru(5) 2.849(3), Ru(4)-Ru(6) 2.855(2), Ru(1)-C 2.051(5), Ru(2)-C 2.064(6), Ru(3)-C 2.091(5), 
Ru(4)-C 2.058(6), Ru(5)-C 2.107, Ru(6)-C 1.9 13(5), Ru(6)-C(15) 2.259(7'), Ru(6)-C(16) 2.292(6), Ru(6)-
C(17) 2.224(7), Ru(6)-C(18) 2.236(7), Ru(6)-C(19) 2.256(7), Ru(6)-C(20) 2.281(7), C(20)-C(21) 
1.502(10), C(16)-C(22) 1.486(10), Ru(7)-Ru(10) 2.975(3), Ru(7)-Ru(11) 2.837(2), Ru(7)-Ru(12) 2.844(3), 
Ru(8)-Ru(9) 2.949(3), Ru(8)-Ru(lO) 2.822(2), Ru(8)-Ru(1 1) 2.879(3), Ru(8)-Ru(12) 2.959(2), Ru(9)-
Ru(11) 2.853(2), Ru(9)-Ru(12) 2.876(2), Ru(10)-Ru(l1) 2.868(2), Ru(10)-Ru(12) 2.912(2), Ru(7)-Ru(9) 
2.932(2), Ru(7)-C(45) 2.053(6), Ru(8)-C(45) 2.082(6), Ru(9)-C(45) 2.057(6), Ru(10)-C(45) 2.070(6), 
Ru(1 l)-C(45) 1.927(5), Ru(12)-C(45) 2.082(5), Ru(1 I)-C(37) 2.233(8), Ru(1 1)-C(38) 2.296(7), Ru(I1)-
C(39) 2.236(6), Ru(11)-C(40) 2.265(7), Ru(11)-C(41) 2.239(8), Ru(11)-C(42) 2.215(8). Comparative 
projection of the two conformers 20A (b) and 20B (c) showing the different rotameric orientation of the 
xylene ligands with respect to the bridging CO. 
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3.11 Isomerisation of [Ru6C(CO)1 1 (11 6 ..arene)(p3..11 2 :Tl 2 :T 2 C6H6)J 18, 25, 
26 and 27 to cis 1 6 products 
Storage of the bis-arene clusters [Ru6C(CO) 
(arene = C6H6 18, C6H5Me 25, C6H4Me2 26 and C6H3Me3 27) at -25°C in 
dichioromethane for a prolonged period, results in a change in their diagnostic infrared 
spectra, indicating that they have undergone some sort of transformation. While the 
strongest band at around 2000 cm -1 , as well as those at lower wavenumbers still dominate 
the spectra without being particularly perturbed, the less intense band at Ca. 2035 cm- ' 
diminishes in intensity, while a new band emerges at around 2050 cm -1 . Heating these 
intriguing new compounds in hexane for several hours, while monitoring the reaction 
mixture by infrared spectroscopy, shows that the original spectra, and hence the starting 
complexes, are regenerated. This would suggest that isomeric derivatives of the arene-
benzene species are formed on storage at low temperatures over long periods of time. The 
n.m.r. spectrum of the new mesity lene- benzene complex 31 demonstrated that the two 
arene ligands are both co-ordinated to the metal cluster in 1 6 bonding modes. Three singlets 
are observed at 5 5.57, 5.50 and 2.32 ppm, with relative intensities of 6:3:9, respectively. 
The aromatic proton resonances derived from the mesitylene ligand are very close to the 
values observed in the precursor [Ru6C(CO)i l (l6 C6H3Me3)(9311 2 :1 2:1 2 C61-16)1 27 (cf. 
5 5.55 and 2.29 ppm). The single resonance attributed to the benzene ligand in 27 has 
moved from the typical value for a face-capping ring of 5 4.09 ppm to a higher frequency 
of 5 5.57 ppm. Since the mass spectrum reveals that the molecular weight has remained 
unchanged, this may be interpreted as the benzene ligand adopting an 1 6 bonding mode. 
Hence, isomerisation, involving migration of the I131 2 :11 2 :1 2 benzene to a single 
ruthenium atom seems to have taken place. This type of process has been witnessed before 
(see Section 3.5). Clearly, two different isomeric forms of [Ru6C(CO)1i(1 6 -
C6H3Me3)(11 6-C6H6)] 31 can be envisaged, both cis- and trans- arrangements, with 
reference to the arene bound metals atoms and their position in the octahedral framework. 
In order to substantiate which form exists, a single crystal X-ray analysis was undertaken 
on crystals grown from a solution of dichloromethane-hexane at -25° C. 
The solid state molecular structure of IRu6C(CO)i l(1 6-C61-I3Me3)(116-C6H6)J 31 is 
shown in Figure 3.10 together with relevant structural parameters. The gross features of 
the metal atom framework remain more or less unchanged from those of the parent binary 
carbonyl cluster [Ru6C(CO)17] 12, i.e. an octahedral arrangement encapsulating a carbide 
atom. The cluster is unique in the sense that it contains two different arene fragments 
(mesitylene and benzene) both co-ordinated in a terminal manner, occupying two 
contiguous sites over the metal cluster. The two ruthenium atoms bearing the arene ligands 
do not carry any carbonyl groups. Two of the eleven CO groups are in asymmetric 
bridging positions along two consecutive edges of the octahedral core, while the remaining 
CO ligands are terminally bound. The terminal ligands, however, show a complicated 
pattern of Ru-C-O bending due to the presence of the two bulky arene fragments adjacent to 
each other over the metal frame. At first glance, it seems odd that the two arenes have 
'chosen' to adopt the highly crowded cis-location, while occupation of opposite sites 
would have, most certainly, reduced the inter-arene interactions. However, preliminary 
results from extended Hückel calculations suggest that such a structure is more favoured 
than the compound from which it is derived, i.e. [Ru6C(CO)ll(1 6-C6H3Me3)4t3-
T 2 :1 2 :T 2-C6J-I6)] 27, and also the alternative trans-type complex. 24 
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Figure 3.10: The molecular structure of [Ru6C(CO)1 101 6-C6H3Me3)(71 6-C6H6)] 31 in the solid state 
showing the atomic labelling scheme; the C atoms of the CO groups bear the same numbering as the 
corresponding 0 atoms. Relevant bond distances (A): Ru(1)-Ru(2) 2.837(2), Ru(1)-Ru(3) 3.013(2), Ru(l)-
Ru(4) 2.8 16(2), Ru(l)-Ru(5) 2.960(2), Ru(2)-Ru(3) 2.872(2), Ru(2)-Ru(5) 2.998(2), Ru(2)-Ru(6) 2.900(2), 
Ru(3)-Ru(4) 2.860(2), Ru(3)-Ru(6) 2.850(2), Ru(4)-Ru(5) 2.920(2), Ru(4)-Ru(6) 2.972(2), Ru(5)-Ru(6) 
2.831(2), Ru(1)-C(99) 1.95(1), Ru(2)-C(99) 1.93(1), Ru(3)-C(99) 2.07(1), Ru(4)-C(99) 2.11(1), Ru(5)-
C(99) 2.08(1), Ru(6)-C(99) 2.17(1), Ru(l)-C(18) 2.22(1), Ru(1)-C(19) 2.24(1), Ru(1)-C(20) 2.24(1), 
Ru(1)-C(21) 2.24(1), Ru(1)-C(22) 2.24(1), Ru(1)-C(23) 2.31 (1), C(21)-C(22) 1.38(2), C(22)-C(23) 1.44(3), 
C(23)-C(1S) 1.40(3), C(19)-C(24) 1.49(3), C(21)-C(25) 1.51(3), C(23)-C(26) 1.50(3), C(18)-C(19) 1.42(3), 
C(19)-C(20) 1.43(3), C(20)-C(21) 1.43(3), Ru(2)-C(12) 2.25(1), Ru(2)-C(13) 2.22(1), Ru(2)-C(14) 2.24(1), 
Ru(2)-C(15) 2.20(1), Ru(2)-C(16) 2.22(1), Ru(2)-C(17) 2.25(1), C(12)-C(13) 1.38(3), C(13)-C(14) 1.36(3), 
C(1 4)-C(1 5)1.43(3), C(1 5)-C(16) 1.36(3), C(16)-C( 17) 1.36(3), C(17)-C(12) 1.38(3). 
The remaining species in this series, Ru6C(CO)1l('fl 6-arene)(1 6-C6H6) (arene = 
C61­16 28, C6H5Me 29 and C6H4Me2 30) have been characterised solely on the basis of 
the characteristic infrared spectra produced in the uco region, which bear a close 
resemblance to that of compound 31, albeit at slightly differing wavenumbers. Again, the 
C6 aromatic rings are believed to bind to ruthenium atoms cis to one another on the cluster 
framework. The ease of isomerisation occurs according to the series 27 > 26 > 25> 18. 
These new isomers may be converted back to their original form, in which one arene bonds 
to a single metal atom, while the benzene adopts the 13-12:112112  co-ordination mode, by 
heating in hexane for several hours. If a weak donor solvent (e.g. tetrahydrofuran) is added 
to try and accelerate the migratory process, with the intention of stabilising possible co-
ordinatively unsaturated intermediates generated during the transition from J13-1 2:1 2 :r1 2 to 
16  co-ordination, extensive decomposition occurs, and only small quantities of material can 
be recovered. This would indicate, that the mechanism is unlike that established for the 
arene exchange process, which is generally enhanced by the addition of a donor solvent, 
due to the stabilisation of unsaturated intermediates. 25 Hence, it would appear that 
migration of the benzene probably takes place via the non-dissociative slippage of the ring. 
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Chapter 4 
Synthesis and Structural Characterisation of Further Bis-arene 
Hexa ruthenium -ca rbido Clusters 
In the previous chapter it was shown that bis-arene clusters can exist in three 
different structural forms, viz. 1164t3-12:12:12, trans-16111 6 and cis-T1 6/11 6 , and that often 
these forms are interconvertable. It was also found that if benzene and a methyl-substituted 
arene ligand co-exist on the same cluster, the arene will always co-ordinate to a terminal 
site, while the benzene ligand bonds, at least initially, to the cluster in a face-capping co-
ordination mode, usually migrating to a cis- or trans- terminal metal position, relative to 716 
arene, depending on the conditions. It is not easy to interpret these observations, and in this 
chapter, the above issues are addressed by the preparation and characterisation of a series 
of other bis-arene species based on the same hexanuclear-carbido carbonyl cluster system. 
The study commences with an examination of an intriguing bis-toluene derivative which 
exists in an equilibrium, in solution, between two structural forms. Following on from this 
both the bis-xylene and bis-mesitylene 'sandwich' complexes are described, as well 
derivatives prepared with the strained ring system [2.2]paracyclophane. This latter ligand is 
unique from the other arenes, as it tends to prefer the .t3 co-ordination site, and in the solid 
state has been found to adopt a near eclipsed orientation over the trimetal face. Finally, the 
five-membered aromatic ring systems [C5H5] and 105Me51 -, isoelectronic with benzene, 
have been introduced into a mixed metal pentaruthenium-rhodium carbido carbonyl cluster. 
4.1 [Ru6C(CO)ll(11 6 C6H5Me)(931 2 :11 2 :11 2 C6H5Me)] 33a: synthesis and 
structure 
The preparation of the bis-toluene complex [Ru6C(CO)1l(C6H5Me)2] 33 from the 
known material [Ru6C(CO) 14(16-C6H5Me)] 19 involves the substitution of the second 
toluene ligand in a reaction sequence similar to that employed for the preparation of the 
arene-benzene complexes [Ru6C(CO)1 l(1 6-arene)(i.3-11 2:1 2 :11 2-C6H6)1 (arene = C61 ­16 18, 
C6H5Me 25, C6H4Me2 26 and C6H3Me3 27) from the appropriate mono-arene starting 
materials (see Section 3.8). The first step in this process involves the dropwise addition of 
two molecular equivalents of Me3NO in dichioromethane to a solution of [Ru6C(CO)14(11 6-
C6H5Me)] 19 in dichioromethane containing a large excess of dihydrotoluene 
(dihydrotoluene = 1-methylcyclohexa-2,5-diene). After a while, the products are extracted 
by t.1.c. on silica, eluting with dichloromethane-hexane (1:3, v/v) yielding a series of 
inseparable isomers of formula [Ru6C(CO)12(C6H5Me)(C6H7Me)] 32. Formulation of 
these isomeric complexes is based largely on mass spectroscopic evidence, the spectrum 
exhibits a strong molecular ion peak at 1140 (calc. = 1141). The subsequent loss of twelve 
carbonyl groups in succession is also visible, but thereafter the fragmentation pattern 
IN 
becomes too complicated for any other mass ions to be observed, and hence, loss of the 
rings cannot be seen. The 1 H n.m.r. spectrum of the reaction mixture is extremely 
complicated and has not been fully resolved. However, there appears to be at least four 
isomers present in solution. A comparison of the carbonyl stretching frequencies in the 
infrared spectrum of this isomeric mixture with those of the arene-cyclohexadiene 
compounds [Ru6C(CO)12(1 6-arene)(L2-1 2 :1 2-C6H8)] (arene = C6H6 16, C6H5Me 22, 
C6H4Me2 23 and C6H3 Me3 24), shows that the same gross features are present. The 
profiles of the spectrum in the u 0 region are almost identical, and even occur at similar 
wavenumbers. On this basis it would appear that the structures of these isomers and that of 
the arene-cyclohexadiene compounds are basically similar. Hence, the more precise 
formulation as [Ru6C(CO)1 2(16-C6H5Me)(.t2-1  2 :11 2-C6H7Me)] 32 can be given with 
reasonable confidence. There are two possible explanations why different isomers could 
arise. Firstly, from the potential arrangement of the double bonds of the diene (initially in 
the 1,4-form) relative to the methyl group. And secondly, the position of the methyl group 
relative to the cluster framework once co-ordinated. One should recall that in the closely 
related arene-diene systems, cyclohexa-1,4-diene isomerises to a 1,3-diene upon co-
ordination, and, the diene is asymmetrically bound to the cluster with respect to the i6 
arene group. Figure 4.1 shows the possible isomeric derivatives. 
Figure 4.1: The proposed isomeric forms of [Ru6C(CO)1 1(T16-C6H5Me)(112-T12 :T1 2-C6H7Me)] 32. 
The second step in the reaction sequence involves the treatment of 
[Ru6C(CO)12(11 6-C6H5Me)(p2-Tl 2 :Tl 2-C6H7Me)] 32 with a further aliquot of Me3NO in 
dichloromethane resulting in the formation of the bis-toluene complex 33a. Presumably the 
trimethylamine-N oxide brings about expulsion of another carbonyl ligand, which is 
accompanied by the formal dehydrogenation of the C6H7Me ring. The mechanism by 
which this process occurs is thought to be similar to that described previously, i.e. two 
separate C-H bond cleavages, the first affording a methyl-substituted cyclohexadienyl 
moiety bound over a trimetal face, and the second yielding a face-bound toluene ring. 
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Figure 4.2: 	The 'H n.m.r. spectrum and COSY plot of [R116C(CO)1 1(q 6-CH5Me)(13- 
12:12:12-C6H5Me)] 33a (a). The assignment of protons, labelled A - H (b). 
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The parent peak in the mass spectrum of compound 33a is observed at 1110, the 
calculated value for a bis-toluene cluster being 1111. The 1 H n.m.r. spectrum, together 
with a homonuclear COSY plot showing the aromatic protons are displayed in Figure 4.2a. 
The signals are labelled A-I-I, and those at S 5.73, 5.49, 5.02 and 2.32 ppm may be 
attributed to an 1 6  toluene ligand, while the resonances at lower frequencies, with S values 
of 4.36, 4.18, 3.76 and 2.21 ppm, may be assigned to the 13 -2 : 71 2 :1 2  bonded toluene 
ring. This difference in chemical shift is comparable with that generally observed, in which 
C-H resonances are found at around 5 5.5 and 4.1 ppm for terminal and face-capping 
ligands, respectively (see Section 1.2). it is worth emphasising that for both toluene rings, 
the resonances are similar. In each case the signals arising from the methyl groups are 
singlet resonances of relative intensity three. The ortho-proton signals are doublets of 
relative intensity two, while the signals of the meta- and para-protons are both triplets of 
relative intensities two and one, respectively. All coupling constants are of the order of Ca. 
6 Hz, finer couplings are also present, but they have not been assessed. The signal 
assignment shown in Figure 4.2b was confirmed via the homonuclear COSY spectrum. 
From the COSY plot it can be appreciated how the protons within each ring only couple to 
each other, the meta protons coupling with both the protons in ortho and para positions, 
these latter protons not coupling with each other. The bis-toluene complex can therefore be 
described by the formula [Ru6C(CO) l l(rl 6 C6H5Me)O.L311 2 :T 2 :12-C6H5Me)I 33a. To 
reiterate, the mean chemical shift of the 13-12:T'l2:112 toluene group is at a significantly 
lower frequency compared to that observed for the 1 6 ligand, and even more so, of free 
toluene, these being centred at 5 4.10, 5.41 and 7.52 ppm, respectively. The change on 
moving from an unco-ordinated, through an 1 6 co-ordinated to a P.3 -12:12:12  co-ordinated 
moiety is poorly understood, but has been discussed in terms of metal-ligand bond 
anisotropy, modifications of ring current contributions, changes in hybridisation at the ring 
carbon atoms and electron density changes. 1  Most notably, the metal-to-arene back-
bonding (which increases the it-electron density at the ring, and hence increases the p-
character of the ring carbon atoms) has been used to explain the increased shielding of the 
proton nuclei. 2  The effect of increased p-character is also apparent from the single crystal 
X-ray structure (vide infra) in which the methyl group shows a considerable out-of-plane 
bending away from the cluster surface in comparison to that observed for the methyl group 
of the 11 6 ligand. 
The solid state molecular structure of 33a was determined by single crystal X-ray 
diffraction, from data collected on a crystal nucleated from a dichloromethane solution 
layered with hexane. A sketch of the molecular geometry is shown in Figure 4.3, together 
with principal bond distances and angles. 
The molecular structure of 33a is closely related to that of the bis-benzene 




Figure 4.3: The solid-state molecular structure of [Ru6C(CO)1 1(1 6-C6HSMe)(93-11 2 :112 :11 2-C6H5Me)1 
33a, showing the atomic labelling scheme; the C atoms of the CO groups bear the same numbering as the 
corresponding 0 atoms. Relevant bond distances (A): Ru(1)-Ru(2) 2.824(1), Ru(1)-Ru(4) 2.919(1), Ru(1)-
Ru(5) 2.824(1), Ru(1)-Ru(6) 2.904(1), Ru(2)-Ru(3) 2.883(1), Ru(2)-Ru(4) 2.880(1), Ru(2)-Ru(5) 2.929(1), 
Ru(3)-Ru(4) 2.875(1), Ru(3)-Ru(5) 2.866(1), Ru(3)-Ru(6) 2.883(1), Ru(4)-Ru(6) 2.813(1), Ru(5)-Ru(6) 
3.014(1), Ru(l)-C 2.08(1), Ru(2)-C 2.05(1), Ru(3)-C 1.93(1), Ru(4)-C 2.09(1), Ru(5)-C 2.03(1), Ru(6)-C 
2.08(1), Ru(3)-C(12) 2.19(1), Ru(3)-C(13) 2.23(1), Ru(3)-C(14) 2.25(1), Ru(3)-C(15) 2.28(1), Ru(3)-C(16) 
2.23(1), Ru(3)-C(17) 2.22(1), Ru(1)-C(22) 2.3 1(1), Ru(1)-C(23) 2.26(1), Ru(2)-C(20) 2.34(1), Ru(2)-C(21) 
2.20(1), Ru(5)-C( 19) 2.24(1), Ru(5)-C(24) 2.30(1), C(12)-C(17) 1.39(1), C(12)-C(13) 1.40(1), C(13)-C(14) 
1.38(1), C(14)-C(15) 1.41(1), C(15)-C(16) 1.43(1), C(16)-C(17) 1.40(1), C(15)-C(18) 1.50(1), C(19)-C(24) 
1.39(1), C(19)-C(20) 1.43(1), C(20)-C(21) 1.41 (1), C(21)-C(22) 1.44(1), C(22)-C(23) 1.39(1), C(23)-C(24) 
1.46(1), C(24)-C(25) 1.5 1(1). 
complexes [Ru6C(CO)ll(,16-arene)413-92:fl2:112-C6FI6)1 (arene = C6H5Me 25, C6H4Me2 
26) described in Section 3.9. All these species share a common feature, this being that 
while one arene is bound in an T16  co-ordination mode, the benzene ring is co-ordinated 
over a facial site. Compound 33a is different in as far as the facial ligand is not benzene, 
but toluene, thus representing the only example of a facial-apical species based on the 
hexaruthenium-carbido carbonyl cluster system in which both ligands are methyl-
substituted ring systems. The only other 93 substituted rings which have been characterised 
in solution and in the solid state are those based on a tricobalt unit, viz. [CO3Cp3(p.3-
T1 2 :12 :112-arene)].4  The arene in these complexes are styrenes, allylarenes and 4-phenyl-l- 
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butene, since benzene and simple arenes have not been found to undergo reaction in the 
preparation of such complexes (see Section 1.2). The feature that is common to the jt 
rings of the bis-toluene cluster and the arenes in these cobalt complexes, in the solid state, 
is the displacement of the side arms from the plane of the arene ring. As is apparent from 
Figure 4.3, the methyl group on the ,1311 2 :Tl 2 :Tl 2 ligand is significantly bent out-of-plane 
with respect to the plane defined by the C6 ring, the elevation of this methyl group above 
the plane of the face-capping ring is 0.6 A, while the methyl group in the terminally bound 
ring displays no apparent displacement from the plane. The displacement of the methyl 
group can be ascribed to electronic effects, and has generally been attributed to a 
reorientation of the arene molecular orbitals for more effective overlap with metal-based 
orbitals. 5  However, the facial co-ordination site is certainly more crowded than an apical 
site, 6  hence, steric factors could also be responsible (at least in part) for the out-of-plane 
bending of the methyl group. 
A second similarity between the face-bound toluene ring in 33a and the arenes in 
the tricobalt species, and the t3-12:Tl2:T12 benzene groups witnessed in a variety of 
systems, is the C-C bond length alternation, with short bonds [average 1.40(1) A] 
interacting directly with the underlying Ru atoms, and long bonds [average 1.44(1) A] 
parallel to the Ru-Ru bonds. Although the difference between these two values is rather 
small, especially when compared to a Jk3fl 2 :T1 2 :Tl2 benzene bound to the same cluster unit 
[A = 0.04 A versus a typical value of 0.09 A, respectively], similar bond length 
distribution has been observed in the jt3-fl 2 :1 2 : 2  arene clusters of cobalt, in this case the 
difference between long and short bond being typically 0.03,A. 7  The Ru-C distances in the 
terminal and facial ligands do not differ appreciably in their mean values [2.23(1) versus 
2.28(1) A, respectively] although the Ru-C(facial) distances alternate in length [2.24(1) 
versus 2.32(1) A reflecting the rather tense steric situation of the ligand. The C-C bond 
lengths average 1.42(1) A in the apical ligand, with no recognisable alternating 'long-short' 
bond length distribution apparent. 
In the bis-toluene complex 33a the carbonyl ligand distribution is reminiscent of 
most of the arene derivatives of [Ru6C(CO)17], in which one bridging CO spans the edge 
opposite to the facial ligand, whilst the remaining ten carbonyl groups are terminally bound 
and show varying degrees of bending. The Ru-Ru bond lengths range from 2.814(1) to 
3.014(1) A, the shortest bond corresponding to the CO bridged edge. As previously 
observed in most derivatives of [Ru6C(CO)171 with an 716  arene ligand, 8 '9 the C(carbide) 
atom is not located in the middle of the octahedral cavity, but is displaced towards the 
ruthenium atom carrying the 11 6 bound ligand, [Ru(3)-C 1.924(7) versus a range of 
2.031(7)-2.086(7) A for the remaining distances]. 
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4.2 Variable temperature and deuterium labelled 1 H n.m.r. experiments of 
LRu6C(CO)11(C6H5Me)21 33 
Figure 4.4 shows a series of 1 H n.m.r. spectra of 33 obtained between 295 K and 
385 K at regular intervals. The most notable characteristic about these spectra is that as the 
temperature is raised the complexity of the resonances at frequencies indicative of the 1 6 
toluene ligand increase, for both the aromatic and methyl signals. This complexity may be 
explained by the presence of two isomers of [Ru6C(CO)ll(C6H5Me)21 33. One is similar 
to that observed in the solid state 33a, and dominates at lower temperatures, while the 
other is believed to be trans- [Ru6C(CO)1 i(1 6-C6H5Me)2] 33b derived from the migration 
of the 93-1 2 :12:1 2-C6H5Me ligand to the metal atom opposite to the one which carries the 
original 16 toluene ligand. This second isomeric form is similar to that observed in the bis-
benzene cluster 28,10 and the bis-xylene and bis-mesitylene complexes (see Section 4.3) 
with the two toluene groups attached to ruthenium atoms on opposite ends of the octahedral 
framework. The trans-isomer is proposed (as opposed to a cis-type complex) since heating 
the analogous bis-benzene complex [Ru6C(CO)11 (1 6-C6H6) (L3-1 2 :1 2 :1 2-C6H6)] 18 
yields trans- [Ru6C(CO)i 1(116-C6H6)21 28.10 For the bis-toluene cluster, the amount of 
trans-isomer produced increases on heating, i.e. pushing the equilibrium to the right hand 
side of the equation illustrated below: 
Ru 6C(CO) 11 (11 6-C6H5M0413-1 2:71 2 :11 2-C6 1-I5 Me) 	Ru6C(CO) 11 (1 6-C6H5Me)2 
33a 	 33b 
At 295 K, the signals at 8 5.58, 5.50, 5.35 and 2.32 ppm may be attributed to the two 
chemically equivalent 1 6 moieties of 33b. Although the signals at 8 5.50 and 2.32 ppm are 
partially obscured by overlap with other resonances, they do resolve as the temperature 
increases. The singlet resonance at 8 2.35 ppm arises from the presence of free toluene, 
generated by some decomposition during heating. 
As the temperature is raised, the signals attributed to isomer 33b increase in 
intensity relative to those assigned to isomer 33a, which simultaneously decrease in 
intensity. At 295 K the ratio of 33a:33b is estimated to be 9:1, from simply assessing the 
relative intensities observed in the spectra. This ratio changes to approximately 1:1 at 385 
K. On cooling the sample back to 295 K the ratio of 33a:33b returns to approximately 8:1, 
about the same value obtained initially from non-crystalline sample. 
Saturation transfer experiments showed no exchange between the p13:1 211 211 2 and 
1 6  toluene groups, even with a 30' second mixing time. As a result, in a separate 
experiment a solution of compound 33 in C6D5CD3 was allowed to stand for several 
weeks at room temperature. Periodic monitoring of this sample by 1 H n.m.r. spectroscopy 














Figure 4.4: The variable temperature I H n.m.r. spectra of 33, recorded between 295 K and 385 K 
the interconversion process takes place via a non-dissociative mechanism. In an additional 
experiment the mixed complex [Ru6C(CO)i l(T1 6-C6D5CD3)(93m 2 11 2:71 2-C6H5Me)] was 
prepared. Each ring was introduced into the cluster by separate reactions. Initially, 
[Ru6C(CO)14(T1 6-C6D5CD3)] was prepared by thermolysis of [Ru3(CO)12] in octane 
containing toluene-d8. The mass spectrum is ideal for this formulation, with a parent peak 
at 1110 (calc. = 1111). As expected, the 1 H n.m.r. spectrum of this complex is blank, 
except for some solvent impurities. Treatment of this species in the same manner as the 
non-deuterated sample 19, except with three molecular equivalents of Me3NO in the 
presence of dihydrotoluene, yields the desired product. On monitoring the 1 H n.m.r. of 
this compound scrambling of the toluene ligand between the two potential sites was 
observed, and interdispersion was complete after about ten hours. Unfortunately, this 
means that the ratios of the two isomers at different temperatures cannot be used for 
thermodynamic calculations as the samples did not have sufficient time to reach equilibrium 
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at each collection temperature, but the observations are consistent with the unimolecular 
process shown in the equation. 
4.3 Giant sandwich compounds: [Ru6C(CO)11( 6 -C6H4Me2)21 34 and 
[Ru6C(CO)ll(t1 6 -C6H3Me3)21 35 
In order to be comprehensive, both the bis-xylene 34 and bis-mesitylene 35 
clusters have been prepared, thereby yielding a complete series of bis-arene clusters 
ranging from benzene through to mesitylene. The synthesis of 34 is quite different from 
the route described earlier, due to problems encountered with the Birch reduction of xylene, 
to dihydroxylene, this being the usual arene source. The reduction of arenes with sodium in 
liquid ammonia becomes increasingly difficult when electron donating groups are 
introduced onto the ring system. 11 For some reason, the reduction of mesitylene worked 
well, while repeated efforts with xylene were unsuccessful. Therefore, a technique was 
devised in which xylene (and presumably other arenes) react directly with the cluster. This 
process involves treatment of [Ru6C(CO)14( 6-C6H4Me2)] 20 with three equivalents of 
Me3NO in a solvent mixture of dichloromethane-xylene-acetone under ambient conditions. 
Acetone was added in order to stabilise any unsaturated intermediates generated in the 
course of the reaction. In this reaction the Me3NO removes co-ordinated carbonyl ligands, 
by oxidation to CO2, and hence electron deficient cluster units are probably formed. Since 
three equivalents of the oxide are involved, the cluster could be, deficient of up to six 
electrons prior to uptake of the xylene ligand. For this reason, acetone stabilises any such 
intermediates as it is a weakly co-ordinating group itself. When the same reaction is 
executed without acetone, similar products are formed, but in lower yields, with more 
inextractable decomposition material formed. It cannot be ruled out that a stepwise 
mechanism is involved, in which the xylene ligand initially co-ordinates via an 1 2 
interaction, then 1  before reaching the ideal situation of 1 6 co-ordination, correlated to the 
sequential removal of the carbonyl groups. 
After extraction of the products by t.l.c. two compounds were isolated, both in 
modest yield. These being, in order of elution, the new cluster characterised as 
[Ru6C(CO)ll(T1 6-C6H4Me2)2] 34 and starting material 20. Spectroscopic and 
crystallographic data have been obtained on 34. The solid state structure of 34 will be 
described together with that of 35 since they are closely related. The mass spectrum of 34 
shows a strong parent peak at 1137 (caic. = 1139), followed by peaks corresponding to the 
sequential loss of five carbonyl groups. The fragmentation pattern becomes too complicated 
to delineate any other ions than this. The 'H n.m.r. is readily assigned to the proposed 
formulation in which there are two chemically equivalent 1 6 xylene ligands. Resonances 
are observed at 65.53 (t, J = 1.2 Hz), 5.32 (t, J = 6Hz), 5.13 (d of d, J = 6Hz, 1.2 Hz) 
and 2.15 (s) ppm with relative intensities 1:1:2:6, respectively. Assignment of the spectrum 
is made possible from the coupling constant of the first triplet at S 5.53 ppm; since the 
value of the coupling is small the proton must be the one which lies between the two methyl 
groups on 1,3-positions of the ring, and hence from this the other triplet, also with a 
relative intensity of one and a much larger coupling constant, can be assigned to the proton 
directly opposite. The remaining two aromatic protons give rise to the doublet of doublets 
at S 5.13 ppm, while the methyl groups exhibit a singlet resonance at 8 2.15 ppm. 
The synthesis of the bis-mesitylene complex follows a slightly modified reaction 
pathway to that described for the toluene species. Instead of carrying out the reaction in two 
steps (thereby isolating the diene cluster) three molecular equivalents of Me3NO in 
dichloromethane are added dropwise in a single step to a solution of the mesitylene cluster 
[Ru6C(CO)14(r1 6-C6H3Me3)] 21 in dichloromethane containing a large excess of 
dihydromesitylene (1,3,5-trimethyl-2,5-cyclohexadiefle). This yields, after t.l.c, a single 
product characterised as [Ru6C(CO)1 I(11 6-C6H3Me3)21. This formulation was based, 
initially, on spectroscopic data. The mass spectrum exhibits a parent peak at 1167 a.m.u. 
(calc. = 1167) followed by peaks corresponding to the loss of eleven carbonyl groups in 
succession. The I H n.m.r. shows that the two mesitylene rings are chemically equivalent; 
just two singlet resonances are present. The two signals are observed at 8 5.29 and 2.17 
ppm and integrate with a 1:3 ratio. Clearly, the former singlet arises from the aromatic 
protons, whilst the protons on the thrçe methyl groups give rise to the latter resonance. The 
frequency at which the signal of the aromatic protons occurs indicates that the mesitylene 
moieties are both bound to the cluster framework in an 1 6 mode. Thus, from the earlier 
observations, two possible structural types are known which could produce this n.m.r. 
spectrum, i.e. co-ordination of the ligands to ruthenium atoms either cis or trans to each 
other on the octahedral core. However, neither xylene nor mesitylene have been observed 
in a .L3-Tl 2 :112 :11 2  co-ordination mode, possibly reflecting steric problems associated with 
occupying such a site. 
Elucidation of the solid state structures of 34 and 35 was achieved by single crystal 
X-ray diffraction studies, carried out on crystals grown from dichioromethane, into which 
pentane slowly diffused. The molecular structures of 34 and 35 are shown in Figure 4.6 a 
and b, respectively, together with principal bond lengths and angles. The Ru-Ru bond 
distances range from 2.807(1) to 3.018(2) A [mean 2.872(2) Ai in 34 and from 2.796(1) 
to 3.089(1) A [mean 2.876(1) Al in 35. The arene ligands are infact 1 6 bound to two 
opposite ruthenium atoms of the octahedral framework [mean Ru-C distance 2.25(1) A and 
2.26(1) A in 34 and 35, respectively]. In 34, the two xylene ligands lie almost parallel 
with the octahedron equator, and each other. In cluster 35, however, the two mesitylene 
rings form angles of 5.6° [C(21)-C(26)J and 4.4° [C(l2)-C(17)J with respect to the 
molecular equatorial plane. In both species, the methyl groups on the ring systems are more 
or less eclipsed with one another, one of which (in each ring) is also eclipsed with the 
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Figure 4.6 (a): The solid-state molecular structure of [Ru6C(CO)1 1(716-C6114Me2)21 34, showing the 
atomic labelling scheme; the C atoms of the CO groups bear the same numbering as the corresponding 0 
atoms. Relevant bond distances (A) include: Ru(1)-Ru(2) 2.863(1), Ru(1)-Ru(3) 2.843(l), Ru(1)-Ru(5) 
2.812(1), Ru(1)-Ru(6) 2.855(1), Ru(2)-Ru(4) 2.848(1), Ru(2)-Ru(5) 2.977(1), Ru(2)-Ru(6) 2.849(2), 
Ru(3)-Ru(4) 2.848(1), Ru(3)-Ru(5) 2.807(1), Ru(3)-Ru(6) 3.018(2), Ru(4)-Ru(5) 2.837(1), Ru(4)-Ru(6) 
2.852(1), Ru(1)-C(99) 1.99(2), Ru(2)-C(99) 2.06(1), Ru(3)-C(99) 2.06(1), Ru(4)-C(99) 1.96(1), Ru(5)-
C(99) 2.08(1), Ru(6)-C(99) 2.04(1), Ru(1)-C(12) 2.22(1), Ru(1)-C(13) 2.22(1), Ru(1)-C(14) 2.22(1), 
Ru(1)-C(15) 2.29(1), Ru(1)-C(16) 2.23(1), Ru(1)-C(17) 2.25(1), C(12)-C(13) 1.37(2), C(12)-C(17) 1.40(2), 
C(13)-C(14) 1.45(2), C(14)-C(15) 1.40(2), C(15)-C(16) 1.34(2), C(15)-C(18) 1.51(2), C(16)-C(17) 1.46(2), 
C(17)-C(19) 1.49(2), Ru(4)-C(20) 2.25(1), Ru(4)-C(21) 2.26(1), Ru(4)-C(22) 2.26(1), Ru(4)-C(23) 2.27(1), 
Ru(4)-C(20) 2.32(1), Ru(4)-C(25) 2.21(1), C(20)-C(21) 1.41(2), C(20)-C(25) 1.37(2), C(21)-C(22) 1.36(2), 
C(22)-C(23) 1.44(2), C(22)-C(26) 1.52(2), C(23)-C(24) 1.40(2), C(24)-C(25) 1.46(2), C(24)-C(27) 1.48(2). 
bridging carbonyl group on the molecular equator. The Ru-C(carbide) distances involving 
the two substituted ruthenium atoms, [Ru(1) and Ru(4) in 34, mean 1.97(1) versus a value 
of 2.06(1) A for the remaining four distances] and [Ru(5) and Ru(6) in 35, 1.97(1) versus 
a value of 2.08(1) A for the remaining four distances] are appreciably shorter than those 
involving the equatorial ruthenium atoms causing the octahedral framework to be 
compressed along the arene co-ordination axis. The carbonyl ligand distribution on the 
equatorial atoms of both species are similar, involving one bridging and two semi-bridging 
ligands, reminiscent of [Ru6C(CO)171 12, while eight essentially terminal ligands are 
distributed above and below the plane. 
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Figure 4.6 (b): The solid-state molecular structure of [Ru6C(CO)11(fl 6-C6H3Me3)2] 35, showing the 
atomic labelling scheme; the C atoms of the CO groups bear the same numbering as the corresponding 0 
atoms. Relevant bond distances (A) and angles ('): Ru(1)-Ru(3) 3.089(1), Ru(1)-Ru(4) 2.796(1), Ru(1)-
Ru(5) 2.865(1), Ru(1)-Ru(6) 2.865(1), Ru(2)-Ru(3) 2.87 1(1), Ru(2)-Ru(4) 2.917(1), Ru(2)-Ru(5) 2.848(1), 
Ru(2)-Ru(6) 2.853(1), Ru(3)-Ru(5) 2.838(1), Ru(3)-Ru(6) 2.842(1), Ru(4)-Ru(5) 2.857(1), Ru(4)-Ru(6) 
2.876(1), Ru(1)-C(99) 2.05(1), Ru(2)-C(99) 2.09(1), Ru(3)-C(99) 2.06(1), Ru(4)-C(99) 2.06(1), Ru(5)-
C(99) 1.96(1), Ru(6)-C(99) 1.98(1), Ru(5)-C(12) 2.27(1), Ru(5)-C(13) 2.28(1), Ru(5)-C(14) 2.22(1), 
Ru(5)-C(15) 2.27(1), Ru(5)-C(16) 2.25(1), Ru(5)-C(17) 2.25(1), Ru(6)-C(21) 2.23(1), Ru(6)-C(22) 2.27(1), 
Ru(6)-C(23) 2.25(1), Ru(6)-C(24) 2.25(1), Ru(6)-C(25) 2.27(1), Ru(6)-C(26) 2.27(1), C(12)-C(13) 1.4 1(1), 
C(13)-C(14) 1.42(1), C(14)-C(5) 1.42(1), C(15)-C(16) 1.38(1), C(16)-C(17) 1.43(1), C(17)-C(12) 1.41(1), 
C(17)-C(12)-C( 13) 121.5(6), C(12)-C(1 3)-C(14) 118.3(6), C(1 3)-C(14)-C(15) 121.0(6), C(14)-C(15)-C(16) 
119.1(6), C(15)-C(16)-C(17) 121.9(6), C(16)-C(17)-C(12) 118.0(6), C(2 l)-C(22) 142(1), C(22)-C(23) 
1.42(1), C(23)-C(24) 1.41(1), C(24)-C(25) 1.39(1), C(25)-C(26) 1.40(1), C(26)-C(21) 1.41(1), C(26)-
C(2 1)-C(22) 120.2(6), C(21 )-C(22)-C(23) 118.1(6), C(22)-C(23)-C(24) 121.7(6), C(23)-C(24)-C(25) 
118.8(6), C(24)-C(25)-C(26) 121.4(6), C(25)-C(26)-C(21) 119.7(6). 
4.4 [2.2]paracyclophane  as a ligand: the molecular structures of the mono- 
and bis-substituted clusters IRu6C(CO)140.13-1 2:112:712-C 16H 16)]  36 
and [Ru6C(CO)ii(fl 6 -C16H 16)4L31 2 :71 2 :1 2 C16H 16)1 37 
There has been a great deal of interest surrounding the structure and properties of 
the unusual, strained ring system, [2.2]paracyclophane. The crystal structure of this 
molecule was initially established on two separate occasions, 12 ' 13 but there was a 
significant variance between the two sets of results. It was generally considered that the 
observed differences arise from the poor quality of the data accessible at the time and later 
95 
studies, 14 led to the apodictic molecular structure and enabled an analysis of the observed 
thermal motion. The first complex of paracyclophane, tricarbonyl(t 6 -[2.2]-
paracyclophane)chromium, 15 was the subject of a single crystal X-ray analysis, 16 aimed at 
probing the nature of the interaction between the two arene moieties. In general, it has been 
argued that the distance between the two parallel rings arises from a combination of two 
opposite effects. Firstly, the strain imposed on the bridging CH2-CH2 units, and secondly, 
the it-electron repulsion of the rings. It was clearly demonstrated that the distance between 
the two arene rings was shortened considerably when one ring system was co-ordinated to 
the Cr(CO)3 unit. This is not unexpected since Cr(CO)3 is a good it-electron withdrawing 
group thereby diminishing the it-repulsion term described above. Clearly, studies involving 
paracyclophane and clusters are worthwhile, since the possibility of the ligand adopting the 
alternative face-capping co-ordination mode is available. 
Hexaru then ium-carbido carbonyl clusters incorporating arene ligands were first 
prepared from the thermolytic action of [Ru3(CO)121 in the appropriate arene. 17 In the case 
of the strained ring system [2.2]paracyclophane, which is a solid at room temperature with 
a relatively high melting point, thermolysis with [Ru3(CO)121 was undertaken in octane. 
After a four hour period, during which the reaction was maintained at a vigorous reflux, the 
colour of the reaction mixture had darkened substantially, the infrared spectrum also 
indicated that a considerable change had occurred. Two products were isolated from the 
reaction mixture, after chromatographic separation eluting with dich loromethane- hex ane 
(1:3, v/v). In order of elution these two compounds have been identified as 
[Ru6C(CO)14(Cl6Hl6)] 36 and [Ru6C(CO) 1(C16H16)2] 37. 
The diagnostic pattern observed in all the mono-arene derivatives based on the 
hexaruthenium cluster system, viz. [Ru6C(CO)14(1 6-arene)} (arene = C6H6 14, C6H5Me 
19, C6H4Me2 20, C6H3Me3 21) is not apparent in the infrared spectrum of 36, yet the 
wavenumber of the strongest stretches are at comparable values. The mass spectrum clearly 
corresponds to the given formulation, with a parent peak exhibited at 1219 (calc. = 1219) 
followed by the loss of several carbonyl groups in succession. Hence, it would appear that 
the paracyclophane group is present although not attached to the cluster unit in the usual co- 
ordination mode found in this system. This is apparent in the 1 H n.m.r. spectrum. Signals 
are observed at 8 values of 7.44, 3.43, 3.40 and 2.98 ppm, each with the same relative 
intensity. The signals at 8 7.44 and 3.40 ppm are singlet resonances and may be attributed 
to the four CH protons of the unattached ring and co-ordinated ring, respectively. The 
frequency at which this latter singlet resonance occurs is very low, and indicative of a p.s- 
group. The other two resonances show typical AA'BB' couplings, and may 
therefore be attributed to the CH2 protons. This spectrum deserves some comment since the 
n.m.r. spectrum of the free ligand shows only two singlets at 8 6.47 and 3.07 ppm for 
the CH2 and CH protons, respectively. The degenerate CH proton signals of the free ligand 
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split upon co-ordination; the proton resonances from the bound ring moves to significantly 
lower frequencies, while the signal associated with the protons of the unattached ring shifts 
in the opposite direction. This effect can be likened, perhaps, to the synergic nature of 
carbon monoxide, and goes some way to concur that the ring currents in the two rings are 
intimately related. 
The infrared spectrum (i) of compound 37 is very similar to the bis-benzene 
cluster [Ru6C(CO)1 l(rl 6-C6H6)(13-1 2 :rl 2 :fl 2-C6H6)1 18. The profiles of the two spectra 
are virtually identical, merely a small shift of the main bands to lower wavenumbers has 
Figure 4.7: The solid-state molecular structure of [Ru6C(CO)14(.L3-r1 2 :112:12-C16H16)] 36, showing 
the atomic labelling scheme; the C atoms of the CO groups bear the same numbering as the corresponding 
0 atoms. Relevant bond distances (A): Ru(1)-Ru(2) 2.819(l), Ru(1)-Ru(4) 2.832(1), Ru(1)-Ru(5) 2.98 1(1), 
Ru(1)-Ru(6) 2.933(1), Ru(2)-Ru(3) 2.945(1), Ru(2)-Ru(5) 2.922(1), Ru(2)-Ru(6) 2.863(1), Ru(3)-Ru(4) 
2.990(1), Ru(3)-Ru(5) 2.794(1), Ru(3)-Ru(6) 2.935(1), Ru(4)-Ru(5) 2.938(1), Ru(4)-Ru(6) 2.869(1), 
Ru(1)-C 2.039(8), Ru(2)-C 2.001(8), Ru(3)-C 2.080(8), Ru(4)-C 2.070(8), Ru(S)-C 2.068(8), Ru(6)-C 
2.050(8), Ru(1)-C(3C) 2.205(9), Ru(1)-C(4C) 2.359(9), Ru(2)-C(5C) 2.212(9), Ru(2)-C(6C) 2.375(9), 
Ru(6)-C(2C) 2.365(8), Ru(6)-C(1C) 2. 195(9), C(1C)-C(2C) 1.44(1), C(2C)-C(3C) 1.43(1), C(3C)C(4C) 
1.40(t), C(4C)-C(5C) 1.45(1), C(5C)-C(6) 1.46(1), C(1 C)-C(6C) 1.42(1), C(IC)-C( 1 3C) 1.44(1), C( I 3C)-
C(14C) 1.58(1), C(4C)-C(15C) 1.53(1), C(1 5C)-C(16C) 1.58(1), C(IOC)-C(16C) 1.51(1), C(14C)-C(7C) 
1.48(1), C(7C)-C(8C) 1.40(1), C(8C)-C(9C) 1.40(1), C(9C)-C(IOC) 1.39(1), C(IOC)-C(1 IC) 1.37(1), 
C(I 1C)-C(12C) 1.42(1), C(1 2C)-C(7C) 1.41(1). 
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Figure 4.8: The solid-state molecular structure of IRu6C(CO)11(11 6-C16H16)(113-1 2 :1 2 :11 2-C16H16)] 
37, showing the atomic labelling scheme; the C atoms of the CO groups bear the same numbering as the 
corresponding 0 atoms. Relevant bond distances (A): Ru(l)-Ru(2) 2.884(2), Ru(1)-Ru(4) 2.853(2), Ru(1)-
Ru(5) 2.957(2), Ru( 1 )-Ru(6) 2.827(2), Ru(2)-Ru(3) 2.909(2), Ru(2)-Ru(4) 2.908(2), Ru(2)-Ru(5) 2.857(2), 
Ru(3)-Ru(4) 2.847(2), Ru(3)-Ru(5) 2.835(2), Ru(3)-Ru(6) 3.045(2), Ru(4)-Ru(6) 2.879(2), Ru(5)-Ru(6) 
2.87 1(2), Ru(1)-C(99) 2.08(2), Ru(2)-C(99) 2.05(2), Ru(3)-C(99) 2.04(2), Ru(4)-C(99) 1.93(2), Ru(5)-
C(99) 2.08(2), Ru(6)-C(99) 2.09(2), Ru(2)-C(12) 2.33(2), Ru(2)-C(17) 2.20(2), Ru(3)-C(13) 2.26(2), 
Ru(3)-C(14) 2.34(2), Ru(5)-C(15) 2.23(2), Ru(5)-C(16) 2.34(2), C(12)-C(13) 1.42(2), C(12)-C(17) 1.43(2), 
C(13)-C(14) 1.43(2), C(14)-C(15) 1.49(2), C(14)-C(27) 1.53(3), C( I 5)-C(16) 1.41(3), C(16)-C(17) 1.49(2), 
C(17)-C(18) 1.54(2), C(18)-C(19) 1.56(3), C(19)-C(20) 1.55(3), C(20)-C(21) 1.37(3), C(20)-C(25) 1.33(3), 
C(21)-C(22) 1.36(3), C(22)-C(23) 1.43(3), C(23)-C(24) 1.37(3), C(23)C(26)  1.49(3), C(24)-C(25) 1.37(3), 
C(26)-C(27) 1.57(3), Ru(4)-C(28) 2.22(2), Ru(4)-C(29) 2.20(2), Ru(4)-C(30) 2.38(2), Ru(4)-C(31) 2.22(2), 
Ru(4)-C(32) 2.22(2), Ru(4)-C(33) 2.39(2), C(28)-C(29) 1.40(2), C(28)-C(33) 1.45(3), C(29)-C(30) 1.43(2), 
C(30)-C(31) 1.37(3), C(30)-C(43) 1.55(2), C(31)-C(32) 1.41(3), C(32)-C(33) 1.4 1(3), C(33)-C(34) 1.5 1(3), 
C(34)-C(35) 1.64(3), C(35)-C(36) 1.48(3), C(36)-C(37) 1.37(3), C(36)-C(41) 1.33(3), C(37)-C(38) 1.42(3), 
C(38)-C(39) 1.32(3), C(39)-C(40) 1.35(3), C(39)-C(42) 1.59(3), C(40)-C(41) 1.38(3), C(42)-C(43) 1.57(3). 
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taken place. Since 18 contains one terminal and one face-capping benzene, an analogous 
bonding scheme can be predicted for 37, viz. 
C16H16)J. The mass spectrum is in agreement with such a formulation, with a parent peak 
observed at 1344 (caic. = 1343). The 1 H n.m.r. spectrum of this compound has not been 
recorded due to the poor solubility of crystalline material required for a clean spectrum. A 
single crystal X-ray structural analysis has been carried out, which confirms the 
formulation proposed from infrared spectroscopy 'finger-printing'. 
The molecular structures of compounds 36 and 37 are closely related and will be 
discussed together. Suitable crystals of both clusters were nucleated from dichioromethane-
hexane solutions by slow evaporation. The molecular structures of 36 and 37 are depicted 
in Figures 4.7 and 4.8, respectively. Principal bond distances and angles accompany the 
appropriate figure captions. Both species are based on the same metal core, comprising of 
the familiar octahedral array of ruthenium atoms encapsulating a C(carbide) atom. In 36 
and 37 the metal-metal bond lengths range from 2.794(1) to 2.990(1) A, and from 
2.827(2) to 3.045(2) A, respectively, the shortest bond corresponding to the CO bridged 
edge in both clusters. In 36 the paracyclophane ligand has replaced three carbonyl groups 
(with respect to [Ru6C(CO) 171 12) and adopts a J.3-12:112:112  bonding mode. This is 
unique in the series of mono-arene analogues all of which bear terminal arene ligands. All 
attempts to affect the motion of this ligand to an 11 6 site, a common phenomenon for face-
bound arenes, have been unsuccessful. Heating 36 in solvents such as octane, heptane or 
hexane result in the recovery of starting material and inextractable decomposition products. 
In 37 a total of six carbonyl groups have been replaced by two paracyclophane moieties, 
one binding to the cluster in a facial mode, the other in a terminal fashion. Details of the 
paracyclophane ligands in 36 and 37, as well as 38 (see Section 4.5) are summarised in 
Table 4.1, and are discussed together shortly. The CO distribution of the two clusters is 
similar to that observed for related species. One bridging carbonyl lies opposite to the Ru-
Ru face involved in the interaction with the capping ligand. The remaining CO groups 
range from semi-bridging to essentially linear ligands. 
4.5 A near-eclipsed 1131 2 :11 2 :11 2 paracyclophane 
The mono-cyclophane cluster [Ru6C(CO)14(.13-11 2 :1 2 :11 2-C16H16)] 36 has been 
found to undergo reaction with cyclohexa- 1 ,3-diene by chemical activation using the 
procedure documented in Section 3.3. The method involves the dropwise addition of two 
molecular equivalents of Me3NO in dichloromethane to a solution of 36 also in 
dichloromethane, containing excess cyclohexa-1,3-diene whilst held at -78°C. By allowing 
the solution to slowly warm to room temperature a substantial darkening of the solution 
occurs. The new cluster, 38, was obtained from this reaction in moderately good yield, 
and isolated by chromatography, eluting with dichioromethane-hexane (1:3, v/v). As 
anticipated, the infrared spectrum of compound 38 shows a good relationship with the 
benzene-diene cluster [Ru6C(CO)124t3-11 2 :1 2 :11 2-C61­16)(92-1 2 :11 2-C6H8)1 15. The 
symmetry of the u co  stretches are virtually identical, merely shifted to slightly lower 
wavenumbers. The mass spectrum is also in good agreement with the formulation of 38 as 
[Ru6C(CO)12(13T1 2 :Tl 2 :1 2-Cl6H16)(P.2-11 2 :rl 2-C6H8)] with a strong parent peak at 1242 
(caic. = 1243) followed by the sequential loss of twelve carbonyl groups in succession. 
The 'H n.m.r. spectrum is very complicated, twelve signals would be predicted for such a 
compound, i.e. four from the paracyclophane moiety and eight from the diene unit. 
However, more signals appear to be present which suggests the possibility of isomers in 
solution. Unfortunately, problems associated with the poor solubility of crystalline material 
has hampered spectroscopic studies. 
Single crystals of 38 were grown from a solution of a dichioromethane-hexane 
solution at -25CC. The molecular structure of compound 38 is shown in Figure 4.9 
together with relevant structural details. The paracyclophane ligand is facially bound, as in 
36 and 37, and the cyclohexadiene C6H8 ligand adopts the edge-bridging J.t2-7 2 :1 2 co-
ordination mode, shown by all the 1,3-C6H8 derivatives of the hexanuclear cluster 
[Ru6C(CO)17]. The C6148 ligand spans an edge opposite to the paracyclophane-bound 
cluster face. The octahedral equator carries one bridging CO, while two other CO ligands 
are in asymmetric bridging positions. The Ru-Ru bond lengths range from 2.778(3) to 
3.036(3) A, comparable to the values observed in 36 and 37. 
Apart from these general features, the co-ordination of the paracyclophane ligand 
deserves further comment, and is discussed in relation to 36 and 37. The structures of 
36, 37 and 38 offer the opportunity to study the co-ordination of paracyclophane in 
different crystalline environments. The most important structural parameters concerning 
the paracyclophane ligands are compiled in Table 4. 1, and the structural features of free 
paracyclophane in its crystalline state are also reported for comparative purposes. 14 From 
this information some general considerations can be appreciated. 
The C6-rings in free paracyclophane deviate from planarity towards a boat 
conformation with four atoms coplanar and the two C-atoms bound to the CH2CH2-
bridges elevated from the plane. This geometry is observed in all the unattached rings of 
the t3 paracyclophane ligands in 36, 37 and 38, and is also retained upon 1 6 co-
ordination in 37. On the contrary, the 93-11 2:T,2:112 face-capping co-ordination mode, leads 
to a more planar ring, although other types of deformation are observed (see below). 
The C-C bond lengths within the ring tend to be longer in their mean values for the 
rings bound to the metal cluster than for the unattached rings. In these latter rings C-C 
bond lengths are comparable to those in free paracyclophane. In 37, in particular, the 
mean C-C bond length for the 1 6  and 93 co-ordinated rings are both longer than in free 
paracyclophane, whereas in the free rings they are both smaller. The C-C-C angles of the 
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aliphatic bridges between co-ordinated and unco-ordinated rings are comparable with those 
of free paracyclophane although the angles involving the face-capping ligand are slightly 
larger (on average) than those involving the unattached rings. This is because the ring 
flatterns on co-ordinating over a trimetal face, therefore reducing the angles associated 
with the bridges. No recognisable C-C bond length alternation pattern is observed within 
the face-capping rings in 36, 37 and 38. This is contrary to what is usually observed with 
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Figure 4.9: The solid-state molecular structure of [R u6C(CO) l2U93 11 2 :1 2 :Tl 2.C16H16)(l.t211 2 11 2 
C6H8)1 38, showing the atomic labelling scheme; the C atoms of the CO groups bear the same numbering 
as the corresponding 0 atoms. Relevant bond distances (A): Ru(1)-Ru(2) 2.922(3), Ru(1)-Ru(3) 2.821(3), 
Ru(l)-Ru(4) 2.848(2), Ru(1)-Ru(6) 3.036(3), Ru(2)-Ru(3) 2.908(2), Ru(2)-Ru(4) 2.844(3), Ru(2)-Ru(5) 
2.929(3), Ru(3)-Ru(5) 2.908(2), Ru(3)-Ru(6) 3.007(3), Ru(4)-Ru(5) 2.952(3), Ru(4)-Ru(6) 2.878(2), 
Ru(5)-Ru(6) 2.778(3), Ru(1)-C 2.06(2), Ru(2)-C 2.06(2), Ru(3)-C 2.02(2), Ru(4)-C 2.05(2), Ru(5)-C 
2.03(2), Ru(6)-C 2.10(2), Ru(1) ... C(3C) 2.49(2), Ru(1)-C(4C) 2.21(2), Ru(l) ... C(5C) 2.70(2), 
Ru(2) ... C(1C) 2.70(2), Ru(2) ... C(5C) 2.41(2), Ru(2)-C(6C) 2.14(2), Ru(4) ... C(1C) 2.44(2), Ru(4)-C(2C) 
2.15(2), C(IC)-C(2C) 1.41(3), C(IC)-C(6C) 1.44(3), C(2C)-C(3C) 1.43(3), C(3C)-C(4C) 1.42(3), C(3C)-
Cl6C) 1.45(3), C(4C)-C(5C) 1.43(3), C(5C)-C(6C) 1.43(3), C(6C)-C(7C) 1.50(3), C(7C)-C(8C) 1.53(3), 
C(8C)-C(9C) 1.47(3), C(9C)-C(IOC) 1.44(3), C(9C)-C(14C) 1.32(3), C(1OC)-C(IIC) 1.37(3), C(11C)-
C(12C) 1.41(3), C(12C)-C(13C) 1.40(3), C(12C)-C(15C) 1.48(3), C(13C)-C(14C) 1.43(3), C(15C)• 
C(16C) 1.57(3), Ru(3)-C(4D) 2.36(3), Ru(3)-C(5D) 2.28(2), Ru(5)-C(2D) 2.26(2), Ru(5)-C(3D) 2.23(2), 
C(ID)-C(2D) 1.54(3), C(ID)-C(6D) 1.55(4), C(2D)-C(3D) 1.37(3), C(3D)-C(4D) 1.50(3), C(4D)-C(5D) 
1.33(3), C(5D)-C(6D) 1.54(4). 
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The p.3 rings show different degrees of torsion with respect to the underlying Ru3 
fragments in the three complexes described. This is reflected in the value of the Ru-C 
distances which alternate in length, the difference increasing in the order 37 <36 <38. In 
37 2.23(2) vs. 2.33(2) (A = 0.10), in 36 2.20(1) vs. 2.37(1) (A = 0.17) and in 38 
2.17(3) vs. 2.45(3)A (A = 0.28A). The fact that on going from 37 to 36 and then to 38 
the short Ru-C separation becomes progressively shorter, while the long Ru-C distance 
increases, clearly indicating that the separation between the ring and the metal triangle is not 
altered, but the ligand moves from a near staggered configuration of the carbon ring atoms 
with respect to the Ru-atoms towards a near eclipsed configuration. This is represented in 
Figure 4.10. 
Figure 4.10: A projection through the paracyclophane co-ordination plane showing the near-eclipsing of 
the carbon atoms over the ruthenium atoms. The remaining portion of the ligand has been omitted for 
clarity. 
The comparative analysis of compounds [Ru6C(CO) 14(p.3 - 2 :r 2 7 2-C16H16)] 36, 
[Ru6C(CO) lI(Tl 6 Cl6Hl6)(lt3 1 2  12fl2-C16H16)] 37 and [Ru6C(CO) 12(p.3- 2 :T 2 :1 2-
C!6H16)(p.2-T 2 :T 2-C6H8)1 38 offers an important indication that the face-capping 
interaction is highly deformable. This is not so evident when the ligand is benzene which is 
almost completely embedded within the ligand shell, but becomes more pronounced with 
the bulky paracyclophane ligand which protrudes from the cluster surface. It seems 
reasonable to attribute these differences to the effect of extra molecular forces that act on the 
molecules embedded in their crystalline field. It is difficult to attribute this effect to an 
electronic basis. By simply replacing two of the carbonyl groups on 36 (onto metal atoms 
which do not interact with the [2.2]paracyclophane ligand) for a cyclohexadiene moiety, 
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i.e. yielding 38, the most dramatic effect in the orientation of the ring over the triruthenium 
face has occurred. For this reason it is not unreasonable to conclude that such a difference 
is not primarily due to electronic influences. Even intramolecular steric arguments seem of 
little consequence, as the part of the cluster to which the ring is bound is virtually 
unperturbed with respect to that of the starting compound. Hence, although both these 
factors must make some contribution, crystal packing forces probably dominate. This is 
even reflected in the co-ordination of the bridging diene ligand in 38 in which each C=C 
double bond form one 'normal' and one short Ru-C bonding distance. The diene is thereby 
flattened against the cluster core, and together with the topology witnessed by the 
paracyclophane group, the molecule appears to be somewhat 'squeezed', this effect 
probably arising from the demands of the lattice to optimise packing. 
Table 4.1: A comparison of the ring parameters in free cyclophane and clusters 36 - 38. 
16H 16 36 






115(1) 	113(1) 115(2) 	114(2) 110(2) 	112(2) 	117(2) 	
112(2) 
113.7 
CH2-CH2 1.562 1.58(1) 
1.57(3) 1.61(3) 	1.55(3) 
C(ring)-CH2 1.509 1.49(1) 	1.50(1) 1.54(3) 	
1.52(3) 1.53(3) 	1.54(3) 	1.48(3) 	1.50(1) 
C-C(ring) 1.385 1.43(1) 	1.40(1) 1.45(3) 	
1.38(3) 1.41(3) 	1.36(3) 	1.43(3) 	1.40(3) 
C(ring)-Ru 'long' 2.37(1) 2.34(2) 
2.39(2) 	2.45(2) 
C(ring)-Ru 'short' 2.20(1) 2.23(2) 
2.22(2) 	2.17(2) 
ring A - ring B 3.09 3.00 2.99 3.02 	3.01 
ring, whilst B refers to the unattached ring. Note: A denotes the co-ordinated 
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The other question which must be addressed is the preferred tendency of the 
paracyclophane ligand to adopt a face-capping co-ordination mode. A possible reason for 
this characteristic is that paracyclophane is more olefinic in nature than, for example 
benzene, and hence, a smaller rehybridization within the ring would be required upon co-
ordination. The olefinic character of the free ligand is reflected in both the 1 H n.m.r. (the 
aromatic proton signal is at ö 6.50 ppm, whereas for free benzene, ö = 7.20 ppm) and the 
solid-state structure which shows that the ring is not planar, with the substituents displaced 
away from the ring plane. It is possible that the it-orbitals are directed slightly outwards so 
that the appropriate overlap with the orbitals from a single metal atom in a cluster are less 
efficient than over a trimetal site, however [2.2]paracyclophane can bond to a metal cluster 
in a terminal mode, as has been observed in 37. 
4.6 The preparation of the mixed-metal cluster [Ru5RhC(C0)14(1 5 -
C5Me5)] 39 and some subsequent reactions 
The cyclopentadienyl ligand bears many similarities with benzene, and the five 
membered ring, isoelectronic with benzene, co-ordinates predominantly in a terminal T1 5  
mode. 18  Other bonding types have also been observed including the 1 3 , 19 and 1 1 , 20 
modes which are far more common than their arene counterparts. Bridging 
cyclopentadienyl groups have also been established, including the L3 face-capping co-
ordination mode. 21  One might expect that the cyclopentadienyl ligand would co-ordinate to 
a triosmium cluster via a face-capping interaction, in a similar fashion to the benzene 
cluster, [Os3(CO)9(43-T1 2 :11 2 :11 2-C6H6)], 3 however, this is not the case. 22 The compound 
[Os3(CO)lO(MeCN)2] reacts with cyclopentadiene in dichloromethane to afford 
[0s3(CO)10(71 4 -05H6)] in which the diene is very labile and the complex rapidly 
decomposes in the absence of an excess of diene. Reaction of this cluster with 
[Ph3C][BF4] yields [053(CO)l0(11 5-05H5)][BF4] as a consequence of hydride abstraction. 
This cationic species is susceptible to attack by anionic nucleophiles, for example treatment 
with [Et4N][BF4] or [PPN][Cl] in dichioromethane affords [Os3(CO)l0(1 5-05H5)H] and 
[0s3(CO)i0(1 5-05H5)Cl], respectively. Both compounds possess two electrons in excess 
of the 48 valence electron count typical of triangular triosmiurn clusters, suggesting that 
nucleophilic addition was accompanied by cleavage of an osmium-osmium edge. The 
former complex has been investigated by single crystal X-ray diffraction and is indeed 
essentially linear, with the cyclopentadienyl ligand bound to an exterior metal atom. 
The synthetic method used in the preparation of the mixed-metal cluster, 
[Ru5RhC(CO)14(11 5-05Me5)] 39, isostructural with [Ru6C(CO)14(11 6-arene)] (14, 19-21) 
recapitulates the technique first applied in the preparation of the hexaruthenium arene 
clusters. This involved the condensation of the pentanuclear dianion [Ru5C(CO)14] 2  with 
the ruthenium arene fragment [Ru(arene)(MeCN)3] 2t Here, the only difference is that the 
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ruthenium fragment is replaced by the isoelectronic and isolobal rhodium unit 
[Rh(C5Me5)(MeCN)31 2t23  The reaction proceeds smoothly under moderate conditions, 
affording a single brown product in high yield. Due to the similarity between reactions the 
formulation of the product as the mixed metal cluster [Ru5RhC(CO)14(11 5-05Me5)] 39 may 
be anticipated. Verification of this formulation was made, in the first instance, by a 
comparison of the infrared spectrum with the hexaruthenium-arene analogues. Since they 
are isostructural, one would expect that their carbonyl stretching frequencies should be 
similar, and this was found to be the case. The mass spectrum exhibited a strong parent 
peak at m/z = 1147 (calculated = 1148) together with the sequential loss of fourteen 
carbonyl groups. The 1 H n.m.r. spectrum of compound 39 contains a singlet at ö 2.16 
ppm corresponding to the 15 equivalent methyl-group protons on the pentamethyl-
cyclopentadienyl (Cp*) ligand. 
The molecular structure of 39 was elucidated by single crystal X-ray diffraction 
techniques on a crystal prepared from a solution of dichloromethane-hexane stored at - 
25°C, and is shown in Figure 4.11 a, accompanied with the atomic labelling scheme, and 
principal bond distances. The five ruthenium atoms and single rhodium atom form an 
octahedral arrangement. The Cp* ligand is bound in an ri terminal fashion to the rhodium 
atom. The carbonyl distribution is reminiscent to that observed in [Ru6C(CO)14('1 6-arene)] 
in which there is one bridging, two semi-bridging and eleven essentially terminal carbonyl 
groups. The Ru-Rh bond distances average 2.870(5) A while the mean Ru-Ru bond length 
is slightly longer, averaging 2.902(5) A. The shortest metal-metal bond [Ru(3)-Ru(5) 
2.815(5)] corresponds to the carbonyl bridged edge. The interaction between the Rh atom 
and the C(carbide) atom is shorter [1.93(3) A] than the Ru-C distances which range from 
2.05(3) to 2.09(3) A [mean 2.07(3) A], in keeping with previous observations. 
The substitution of subsequent five- and six-membered aromatic rings onto the 
cluster involves oxidative decarbonylation by the addition of three equivalents of Me3NO to 
a dichloromethane solution of [Ru5RhC(CO)14(j'1 5-05Me5)] 39 containing an excess of 
cyclopentadiene or cyclohexa-1,3-diene. The complex obtained using the latter diene was 
characterised by spectroscopy as [Ru5RhC(CO)ll(T1 5-05Me5)(113-1 2 11 2 m2-C6H6)] 40. 
The mass spectrum shows a molecular ion at 1143 (calculated = 1142) followed by the 
successive loss of eleven carbonyl groups. The 1 H n.m.r. displays two singlet resonances 
at 8 4.13 and 2.07 ppm with the integration ratio of 6:15, consistent with the co-ordination 
of both benzene and Cp*. The chemical shift of the Cp* ligand is very close to the value 
observed in 39, while that of the benzene moiety is typical of a .t3-1 2 :T1 2 :I1 2 ligand. This 
scenario is similar to the arene-benzene complexes, but in contrast to these complexes, 
where the benzene migrates to an 1 6 co-ordination site cis to the 11 6 arene (see Section 






Figure 4.11 (a and b): The solid-state molecular structures of [Ru5RhC(CO)14(71.C5Me5)] 39 and 
[Ru5RhC(CO)9(Tl 5 -05Me5)(7 5 -05H5)2] 41, respectively. Relevant bond distances (A) for 39: Rh-Ru(1) 
2.849(4), Rh-Ru(2) 2.830(4), Rh-Ru(3) 2.903(5), Rh-Ru(5) 2.897(4), Ru(1)-Ru(2) 2.950(4), Ru(1)-Ru(3) 
2.933(5), Ru(1)-Ru(4) 2.826(5), Ru(2)-Ru(4) 2.869(5), Ru(2)-Ru(5) 2.946(4), Ru(3)-Ru(4) 2.921(5), 
Ru(3)-Ru(5) 2.815(5), Ru(4)-Ru(5) 2.957(5), Rh-C 1.93(3), Ru(1)-C 2.05(3), Ru(2)-C 2.05(3), Ru(3)-C 
2.07(3), Ru(4)-C 2.09(3), Ru(5)-C 2.07(3), mean RhC(Cp*)  2.229(4), mean C-C 1.42(6), mean C-C(Me) 
1.50(6), mean Ru-C(CO) 1.89(5), Ru(3)-C(7) 2.06(5), Ru(5)-C(7) 2.07(5), mean C-O 1.14(7), C(7)-0(7) 
1.17(7). Relevant bond distances (A) for 41 include: Rh-Ru(1) 2.819(6), Rh-Ru(2) 2.898(6), Rh-Ru(3) 
2.818(6), Rh-Ru(4) 2.902(6), Ru(1)-Ru(3) 2.774(6), Ru(1)-Ru(4) 2.985(6), Ru(1)-Ru(5) 2.799(6), Ru(2)-
Ru(3) 3.011(6), Ru(2)-Ru(4) 2.794(6), Ru(2)Ru(5) 2.950(6), Ru(3)-Ru(5) 2.778(6), Ru(4)-Ru(5) 2.975(6), 
Rh-C 1.93(5), Ru(1)-C 2.02(5), Ru(2)-C 2.07(5), Ru(3)-C 2.03(5), Ru(4)-C 2.07(5), Ru(5)-C 2.09(5), 
mean RhC(Cp*) 2.23(5), mean CC(Cp*) 1.43(8), mean C-C(Me, Cp*) 1.49(8), mean Ru(1)-C(Cp) 
2.21(7), mean C-C(Cp) 1.41(9), mean Ru(3)-C(Cp) 2.21(6), mean C-C(Cp) 1.42(9), Ru(1)-C(11) 2.04(6), 
Ru(3)-C(11) 2.03(6), C(11)-O(11) 1. 16(9), Ru(2)-C(21) 2.05(6), Ru(4)-C(21) 2.05(6), mean Ru-C(CO) 
1.88(6), mean C-O 1.15(8). 
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Treatment of [Ru5RhC(CO)14(T1 5-05Me5)1 39 with three molecular equivalents of 
Me3NO in dichioromethane containing excess cyclopentadiene results in the isolation of 
several uncharacterised products in low yield, and in moderate yield [Ru5RhC(CO)9(11 5 -
C5Me5)(11 5-05H5)2] 41. The mass spectrum of 41 shows a strong parent peak at 1139 
(caic. = 1138) followed by the sequential loss of nine carbonyl ligands. The 1 H n.m.r. 
spectrum contains a singlet resonance at 8 5.14 ppm and a doublet at 8 1.87 ppm with 
relative intensities 2:3, consistent with two 715  Cp moieties and one i Cp* ligand, 
respectively. Two isomers may be envisaged from this spectrum, and in order to elucidate 
the structure of 41 a single crystal X-ray structure determination was carried out on a 
crystal nucleated from a dichioromethane-hexane solution at -25CC. The molecular structure 
of 41 is shown in Figure 4.1b, accompanied by relevant bond distances. 
The metal core is similar to that in 39 with the six metal atoms constituting an 
octahedron. Again, the Cp* ligand is bound solely to the rhodium atom. The two Cp 
ligands co-ordinate cis to both the Cp* moiety and each other. The two ruthenium atoms to 
which the Cp ligands co-ordinate also share a bridging carbonyl ligand. There is one other 
bridging carbonyl group and seven terminal carbonyl ligands which exhibit varying degrees 
of bending. The Rh-Ru bond distances average 2.860(6) A compared to the average Ru-Ru 
bond length of 2.883(6) A. The metal-metal bonds range from 2.774(6) to 3.011(6) A in 
41 compared to 2.815(5) to 2.957(5) A in 39, this broad range reflects the increased 
distortions in the metal core of 41 due to the presence of the two additional 
cyclopentadienyl ligands. The metal-C(carbide) distances are also more disparate; the Rh-C 
distance is 1.93(5) A, the ruthenium atoms which carry the Cp ligands, and share one 
bridging carbonyl [i.e. Ru(1) and Ru(3)] have intermediate distances with the C(carbide) 
atom of 2.02(5) and 2.03(5) A, while the remaining Ru-C bond lengths average 2.08(5) A. 
The ease by which two Cp ligands are introduced onto the cluster framework 
compared with the C6116 moiety may be rationalised in terms of electron counting on the 
Ru5 unit. Considering this subunit of the cluster, a total of twenty-eight electrons are 
required from the ligands attached to it in order to be complete. In 39 fourteen carbonyls 
contribute these 28 electrons. In 40, six electrons are donated by the benzene ring and the 
remaining twenty-two electrons from eleven carbonyl groups. However, in 41, if the Cp 
ligand is considered to be neutral it will formally donate five electrons to the cluster. Thus 
an odd number of electrons means that the ideal situation in which twenty-eight electrons 
are provided by the ligands cannot be reached when only one Cp moiety is used in 
conjunction with carbonyl ligands. Clearly when two Cp ligands are introduced into the 
system, donating a total of ten electrons, a total electronic contribution of twenty-eight can 
be reached with the remaining seven terminal and two bridging carbonyl ligands co-
ordinating to the Ru5 unit. 
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Molecular Organisation in the Solid State and Comments on Modelling 
Surfaces 
This chapter is divided into two distinct sections, the first concentrates on the 
crystal structure of arene clusters, and the second, on updating the role of arene and 
cyclohexadiene clusters as models for chemisorption on metal surfaces. The chapter 
commences with a detailed description of the re-determination of the molecular structure of 
Ru6C(C0)171 12 in two polymorphic forms. The packing exhibited in these crystals is 
analysed, which gives an insight into the physical differences between the molecular 
structures. The packing patterns of the mono- and bis-arene clusters have also been 
decoded, and from this recognisable trends have been discerned. Lastly, the validity of the 
cluster-surface analogy, with respect to benzene and cyclohexadiene is addressed, 
extending the analogy where appropriate. 
5.1 Introduction 
Many organic molecules are known to crystallise as polymorphs and an abundant 
literature is available on crystalline organic materials. 1  The accumulation of a large base of 
structural data has revealed that the occurrence of polymorphism is a widespread 
phenomenon in solid state organic chemistry, 2  while in other classes of compounds, 
namely organometallics, 3 '4  very few cases have been observed. Already described in this 
thesis (Section 3.9 and 3.10) are the xylene complexes [Ru6C(CO)14(T1 6-C6H4Me2)1 20 
and tRu6C(CO)ll(7l6C6H4Me2)(13712m2m2C6H6)] 26, the crystals of which contain 
two different molecules exhibiting conformational differences. Although these are not 
polymorphs (i.e. a polymorph representing two different crystals of the same molecule, 
the molecules exhibiting only conformational change separated by a low interchange 
energy) the two phenomena are, in essence, difficult to distinguish at an energetic level. 
Studies of crystal polymorphism are very informative on the effect of packing 
forces on the molecular structure observed in the solid state. Packing forces are often 
invoked to account for relevant deviations from idealised molecular structure or for 
unexpected structural features. Recently, crystal-packing effects on molecular structures 
have been clearly recognised in a number of organometallic crystals of mono- and poly-
nuclear complexes. 5  Although much progress has been made in recent years in the 
understanding of the crystal packing of molecules, the nature of these forces is still quite 
elusive. The molecular structure of flexible molecules in the solid state is not necessarily a 
priori identical to that in solution or in the gas phase. It has been demonstrated in several 
cases that crystal forces can compensate for partial loss of intramolecular energy and 
stabilise less stable conformations (a classic example where higher energy conformations 
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are observed in the solid state is that of biphenyl, 6  the angle between the two rings is 42° in 
the gas phase, while the average molecule is planar in the solid state at room temperature 
and twisted 10° at 22 K). This observation has cast some doubt on the transferability of 
structural information determined by diffraction methods from the solid state to other 
phases for use in the interpretation of chemical and physical properties. 
One way to evaluate the role of the crystalline field in the molecular structure of 
flexible molecules is to compare the conformation of molecules in different polymorphic 
modifications. The basic assumption underlying this approach is that the effect of crystal 
forces will show up more clearly where the molecule is more flexible, i.e. where a 
deformation from the optimum molecular structure (that of the isolated molecule) will be 
energetically least expensive. For instance, since relatively large energies are required to 
bring about significant changes in bond distances and angles in organic molecules, 
structural differences between organic polymorphs are usually shown by molecules 
possessing extensive torsional degrees of freedom (conformationalPolYmOrPhiS'fl). 
5.2 The molecular structures of [Ru6C(CO)17] 12 
The structure of the octahedral cluster [Ru6C(CO)17] 12 was first determined in 
1969 from the visual estimation of diffraction intensities obtained from Weissenburg 
rotational photographic data. 7  From these data, not only was the essential structural 
features of the first binary carbonyl cluster containing an interstitial C(carbide) atom 
established, but also the ligand distribution around the octahedral metal frame was 
described in detail. 
Crystals of the cluster [Ru6C(CO)17] 12 were prepared by two different methods. 
One was crystallised from a dichioromethane-hexane solution by slow evaporation, while 
nucleation from benzene was employed in the second case. From now on, the structural 
determination from this latter crystal will be designated 12a, while the other will be 
assigned 12b. Since 12b contains one and a half independent molecules in the asymmetric 
unit, while 12a contains one single molecular entity, there are (at least in principle) three 
different structures of [Ru6C(CO)17] 12. These shall be referred to as 12a, 12b and 
12b'. The structure of 12a is depicted in Figure 5.1, and all three molecules compared in 
Figure 5.2. At the molecular level, the most relevant differences between 12, 12b and 
12b' arise essentially from the rotameric conformation of the tricarbonyl units above and 
below the equatorial plane containing the bridging ligands, and from the pattern of terminal, 
bridging, and semi-bridging carbonyl groups around the molecular equator. Before 
discussing these two aspects in detail, a few general considerations are addressed. 
The Ru-Ru bond lengths in forms 12a, 12b and 12b' differ in range {12a, 
2.835(3)-2.967(3); 12b, 2.826(1)-2.998(1); 12b', 2.803(1)-2.977(1) A and in their 
average values [2.898(3), 2.893(1) and 2.885(1) A, respectively]. The differences between 
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Figure 5.1: The solid-state molecular structure of [Ru6C(CO)17] 12a, showing the atomic labelling 
scheme; the C atoms of the CO groups bear the same numbering as the corresponding 0 atoms. Relevant 
bond distances (A) and angles (') for 12a and 12b: Ru(1)-Ru(2) 2.967(3) 2.998(1), Ru(1)-Ru(3) 2.923(3) 
2.855(1), Ru(1)-Ru(4) 2.880(3) 2.826(1), Ru(1)-Ru(6) 2.835(3) 2.868(1), Ru(2)-Ru(3) 2.861(3) 2.899(1), 
Ru(2)-Ru(4) 2.880(3) 2.868(1), Ru(2)-Ru(5) 2.901(3) 2.860(1), Ru(3)-Ru(5) 2.883(3) 2.925(1), Ru(3)-
Ru(6) 2.967(3) 2.867(1), Ru(4)-Ru(5) 2.892(2) 2.946(1), Ru(4)-Ru(6) 2.882(3) 2.944(1), Ru(5)-Ru(6) 
2.907(3) 2.858(1), Ru(1)-C(99) 2.02(3) 2.026(4), Ru(2)-C(99) 2.05(2) 2.060(3), Ru(3)-C(99) 2.05(2) 
2.034(3), Ru(4)-C(99) 2.04(2) 2.046(3), Ru(5)-C(99) 2.09(3) 2.09(3), Ru(6)-C(99) 2.07(2) 2.045(3), 
Ru(1)-C(1) 2.10(3) 2.048(4), Ru(6)-C(l) 2.10(3) 2.142(4), C(1)-O(1) 1.16(3) 1.154(5), Ru(2)-C(5) 1.89(3) 
1.917(6), Ru(1)"C(5) 2.96(3) 2.916(5), C(5)-0(5) 1.09(3) 1.111(8), Ru(5)-C(13) 1.90(3) 1.946(5), 
Ru(6) ... C(13) 2.65(3) 2.523(6), C(13)-0(13) 1.17(3) 1.146(7), Ru(1)-C(1)-O(1) 137(2) 139.9(4), Ru(6)-
C(1)-O(1) 138(2) 133.7(4), Ru(2)-C(5)-0(5) 173(2) 169.4(5), Ru(5)-C(13)-0(13) 160(2) 156.8(5), Ru(6)-
C(13)-0(13) 121(2) 124.9(4). Relevant bond distances (A) and angles (') for 12b': Ru(1A)-(2A) 2.977(1), 
Ru( I A)-(3A) 2.896(1), Ru(1A)-(3A') 2.838(1), Ru(1A)-(1 A') 2.867(1), Ru(2A)-(3A) 2.932(1), Ru(2A)-
(3A) 2.886(1), Ru(2A)-(2A') 2.803(1), Ru(l)-C(99) 2.049(3), Ru(2)-C(99) 2.062(3), Ru(3)-C(99) 2.029(3), 
Ru( I A)-C( lÀ) 2.070(4), C(IA)-O(IA) 1.158(6), Ru(2A)-C(5A) 1.907(5), Ru(1 A)" C(5A) 2.950(5), 
C(5A)-0(5A) 1. 132(6), Ru( 1A)-C(1 A)-O( IA) 136.2(1), Ru(2A)-C(5A)-0(5A) 170.4(4). 
corresponding bonds over the three molecular entities are about ten times larger than the 
estimated standard deviations on the individual parameters, and are therefore significant, 
reflecting physically meaningful structural differences. The Ru-C(carbide) distances appear 
to be less variable, being, in spite of the deformations of the metal core, identical in their 
mean values in the three molecules [2.05 A]. There is no recognisable relationship between 
Ru-Ru bond lengths and the presence of bridging ligands; the symmetrically bridged bond 
is much shorter in 12a [2.835(3) A] than in 12b and 12b' [2.868(1) and 2.867(1) A, 
respectively]. This is coincidentally the shortest bond in 12a, while the shortest bond in 
12b' is that opposite the bridged edge [Ru(2A)-Ru(2A') 2.803(1) Ai and in 12b is located 
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between an equatorial atom and an apex [Ru(1)-Ru(4) 2.826(1) A]. The longest Ru-Ru 
bond is the same in all three structures and corresponds to the equatorial edge spanned by 
the least bent semi-bridging ligand [C(5)-0(5) along the edge Ru(1)-Ru(2)]. 
As a result, the metal-metal bonds show a large structural variation not only on 
passing from one crystal lattice to the other, but also between the two independent 
molecular units in the same lattice. This overall picture is in agreement with previous 
observations that the metal atom frameworks in transition metal clusters are pliable and can 
adapt to the steric and electronic demands of the ligands packed around the core and the 
surrounding molecules in the lattice. 8  The metal-metal bond is the most deformable bond in 
a cluster, and the small energy changes associated with the lengthening of a metal-metal 
bond can be compensated for by more favourable bonding and nonbonding steric 
interactions with the ligands. 9  Clearly, in solid state structures where packing forces are 
important, one must consider all these effects as a whole. The tricarbonyl units also 
possess some degree of structural flexibility as demonstrated by the OC-Ru-CO angles 
within the (CO)3 cones which range from 90(1) to 93(1)° in 12a and from 91(2) to 94(2)° 
in 12b/12b' with no easily discernible pattern. 
The differences in the distribution of the bridging ligands around the molecular 
equators and in the conformation of the tricarbonyl units above and below the equatorial 
plane can be appreciated from the comparative views of 12a, 12b and 12b' shown in 
Figure 5.2. The two tricarbonyl units are almost exactly staggered in 12a, while they 
approach an eclipsed conformation in 12b and 12b'. Taking the equatorial bridging CO 
I1C( 1 ) -0( 1 )] as reference, the limiting rotameric conformations of the two tricarbonyl units 
can be designated as illustrated in Scheme 5.1. 
Both cis-cis and trans-trans conformations have approximate mm symmetry, while 
the cis-trans conformation possesses m symmetry only. The trans-trans conformation is not 
observed. From a comparison of a, b and c in Figure 5.2 it is clear that the conformation in 
12a is very close to cis-trans, deviating by only 
70  from exact staggering of the apical CO 
groups, while in 12b and 12b' the orientation of the (CO)3 units are approximately cis-
cis. In these latter molecules, however, the two sets of (CO)3 units are tilted differently 
with respect to the equatorial bridging carbonyl. 
The presence of three different rotameric conformations can be taken as evidence 
that the tricarbonyl units lie on a rather flat potential energy surface, without well defined 
conformational minima. This conclusion is substantiated by the observation of a similar 
conformational non-preference in arene derivatives based on the same hexarutheniun cluster 
frame (see Sections 3.9 and 3.10). 
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Figure 5.2: Projection of structures 12a (a), 12b (b) and 12b' (c) perpendicular to the CO-bridged 
equatorial plane showing the different rotanienc conformations of the Lncarbonyl units above and below the 
plane. The rotameric conformations are cis-trans in 12a and cis-cis in 12b/12b'. 
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Scheme 5.1 
This may be taken to indicate that intramolecular electronic and/or steric factors 
contribute very little to the conformational choice of the ligands co-ordinated to the apical 
ruthenium atoms. The location is then controlled primarily at the intermolecular level. 
Bearing this in mind, it is clear that the different bridging patterns around the molecular 
equators in 12a, 12b and 12b' are also dictated by packing interactions. For instance, 
while the bridging ligand in 12a and 12b' is symmetric, that in 12b is slightly asymmetric 
[2.048(4) versus 2.142(4) A]. Analogously, the two equatorial semi-bridging ligands 
[C(5)-0(5) and C(13)-0(13) in 12a and 12b, C(5A)-0(5A) and C(5A')-0(5A') in 12b'] 
show different degrees of asymmetry in the three molecules, with 'long' Ru ...  
interactions varying from 2.523(6) A in 12b to 2.96(3) A in 12a. Also noteworthy is that 
in 12b' equivalence of the two semi-bridging ligands [C(5A)-0(5A), C(5A')-0(5A')] on 
opposite edges of the Ru4 equator is imposed by crystallographic symmetry, in 12b, the 
two ligands show rather different degrees of bending [Ru-C-O angles 169.4(5) versus 
156.8(5)°, 'long' Ru ... C interactions 2.916(5) versus 2.523(6) A for C(5)-0(5) and 
Q1 3)-0(13), respectively]. 
5.3 The crystal structures of [Ru6C(CO)17] 12 
The packing patterns of the two crystals have been decoded by empirical packing 
potential energy calculations (see Experimental Section). These calculations analyse the 
intermolecular interactions between one molecule, arbitrarily chosen as a reference, and 
those forming the immediate surroundings which enclose this reference molecule (the first 
neighbouring molecules). While this procedure is relatively straightforward for 12a, it is 
complicated somewhat by the presence of one and a half independent molecules in the 
asymmetric unit of 12b/12b'. In the latter case the analysis of two independent molecular 
surroundings is required. 
The fundamental packing pattern in form 12a is shown in Figure 5.3a, and 
comprises of 'trains' of molecules linked 'head-to-tail' via the insertion of the bridging 
ligand [C(1)-O(1)] into the middle of the cavity generated by the four terminal CO groups 
linked to the opposite Ru-Ru edge [carbonyls 4, 6, 14 and 15 in Figures 5.1 and 5.2a1. 
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These molecular trains extend along the a axis; each molecular row is surrounded by four 
rows pointing in the same direction, and by two rows pointing in the opposite direction [the 




Figure 5.3: (a) The 'head-to-tail' linkage of two consecutive molecules in the lattice of form 12a. (b) 
Space-filling diagram of the packing distribution in the be plane of form 12a, the letter B marks the 
bridging CO ligands and shows the direction of the molecular row parallel to the a axis. 
Although, as mentioned above, the packing distribution in 12b/12b' is 
complicated by the presence of one and a half independent molecules in the asymmetric 
unit, the same 'head-to-tail' interaction that constitutes the backbone of form 12a, is 
maintained, and is illustrated in Figure 5.4a. The molecules around the crystallographic 
two-fold axes are linked 'head-to-tail'. The molecular rows in the two crystalline forms 
differ, however, not only in the orientation of the tricarbonyl units above and below the 
bridged equatorial plane, but also in a small tilting of the molecules in form 12a with 
respect to 12b/12b', which is clear from an inspection of Figures 5.3a and 5.4a. The 
tilting appears to allow a more efficient molecular interpenetration along the rows in the 
former crystal as reflected by the shorter intermolecular separation with respect to the latter 
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[9.19(1), and 9.335(1) A in 12a and 12b/12b', respectively]. In form 12b/12b' two 
molecular rows pointing in opposite directions are placed side by side in the unit cell, as 
shown in Figure 5.4b. 
(a) 
Figure 5.4: (a) The 'head-to-tail' linkage of two consecutive molecules in the lattice of form 12b. (b) 
Space-filling projection of the packing distribution in the ac plane of form 12b, the letter B marks the 
bridging CO ligands. The rows of 'head-to-tail' molecules extend along the b axis, forming layers which 
'sandwich' two other layers of differently orientated molecules. 
The molecules in general position (12b) do not establish 'head-to-tail' interactions, 
instead these molecules point their bridging carbonyl groups towards the neighbouring 
rows formed by molecules of the 12b' type, as shown in Figure 5.4b. The lattice can be 
described as layers of 'head-to-tail' bound molecular rows intercalated every two layers of 
molecules in different orientation. 
Hence, it would appear that the different molecular structures are a consequence of 
a compromise between crystal and conformational energies, the effect of which is 
manifested in the differences in metal-metal bond lengths between the three molecules. 
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5.4 Molecular organisation in the crystals of arene clusters 
The next few sections are concerned with the factors which control the packing 
patterns observed in the crystals of arene clusters. In the previous section, it was shown 
that in [Ru6C(CO)171 12, the important interaction seems to be the insertion of the bridging 
carbonyl ligand into the tetragonal cavity created by the four carbonyl groups on the reverse 
side of the cluster to the bridging ligand in the neighbouring molecule. Here, the effects of 
introducing one (or two) arenes onto the hexarutheniuni cluster system are explored. The 
presence of both flat fragments, viz, the arenes, and of the cylindrical carbonyl groups, 
makes these clusters particularly suitable for such investigations. These two groupings, 
with their specific spacial requirements, pose problems for the optimisation of the 
intermolecular interlocking that controls crystal cohesion and stability. 10 Furthermore, there 
is the possibility that crystal packing forces may alter, at times significantly, the structure of 
the molecule. 8 
The packing motifs displayed by mononuclear arene complexes have been explored 
in some detail, particularly for the prototype compounds [M(CO)3(arene)] and [M(arene)2], 
as well as for metal locenes. 5 ' 11  For example, [Cr(C6H6)21 forms a 'herring bone' structure 
in a similar manner to benzene itself. However, relatively little is known about the packing 
modes exhibited by arene cluster compounds. The most relevant studies have been carried 
out on the tetraosmium species [H20s4(CO)io(11 6-arene)] (arene = C6H6, C6H5Me and 
C6H4Me2) and also on the mono- and bis-arene hexanuclear clusters [Ru6C(CO)14(11 6-
arene)] (arene = C6H5Me 19 and C6H3Me3 21) and [Ru6C(CO)1l(1 6- C6H6)(93 -
T12:Tl2:T2-C6H6)] 18.10 The packing found in the crystals of the tetraosmium clusters and 
the mOno-arene hexanuclear clusters of ruthenium are very similar. The reference molecules 
are surrounded by 14 first neighbours, (12 in the case of compound 21). In spite of the 
presence of different aromatic ligands, and the rather different molecular geometry and size 
of the cluster polyhedra, the molecules pack in virtually the same way. Figure 5.5 shows 
the packing in the exemplar clusters [H20s4(CO)iO(T1 6- C6H6)], [Ru6C(CO)14(1 6 -
C6H5Me)] 19 and [Ru6C(CO)i l(i 6-C6H6)(93-11 2 :1 2 :1 2-C6H6)] 18. The arene ligands 
form 'ribbons' generated by the interlocking of two rows of arene fragments in a chevron 
like fashion. The relative orientation of the arene ribbons is of the 'herring bone' type 
(except for 21), similar to that commonly observed in crystals of condensed arenes such as 
naphthalene, anthracene and even benzene itself. 
The bis-benzene molecule [Ru6C(CO)11 (l 6-C61­1603-1 2 :1 2 11 2-C6H6)] 18 
deserves a detailed examination. To reiterate, the two benzene ligands occupy different 
bonding modes, one terminal and one face-bridging, with a mean angle of 53° between the 
two rings. The interaction between the reference molecule and the two next-neighbouring 
molecules involves the pairing of the benzene ligands almost face-to-face, as shown in 




Figure 5.5: Schematic representations of the molecular organisation in crystals of, [H20s4(CO)lO(71 6-
C61-16)] (a), [Ru6C(CO) l4(T!6-C6HSMe)] 19 (b) and [Ru6C(CO) ll(11 6-C6H6)(113-11 2 :ri 2 :1i 2-C6H6)] 18 
(c). Diagrams (a) and (b) show the ribbon-like distribution of the arene fiagments, while (c) shows the 
snake-like molecular rows within the crystal lattice. The metal frameworks and the carbonyl ligands are 
represented by spheres. 
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reference molecule (RM) has its apical benzene interacting with the apical benzene of 
molecule A and its t3 benzene interacting with the t3 ligand of molecule B. The inter-ring 
separation is slightly longer in the T16 1 6 pair with a distance between the plane of 3.56 A, 
while that of the J.t3 p.3 interaction is 3.29 A. This latter separation is slightly shorter than in 
graphite itself. The ring pairs are not exactly superimposed, but are shifted in a typical 
graphitic pattern as shown in Figure 5.6. The 16 16 moieties are shifted by 1.09 A, the p.s 
93 by 1.44 A. This pattern of molecular coupling leads to the formation of infinite 
'sawtooth' or 'snake-like chains of molecules. 
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Figure 5.6: 	Projections perpendicular to the 11 6,i6 and j.t3/93 pairs of the benzene fragments in 
crystalline 18 illustrating the graphitic-like interactions. 
From these observations, it would appear that there is a tendency to group the arene 
fragments together through the crystal lattice, and simultaneously maintain optimum 
CO CO interlocking in the remaining part of the molecule. This is almost certainly due to 
the difficulty, in terms of intermolecular interlocking, of mixing flat arene fragments with 
the cavities and bumps of the carbonyl coverage. Ratification of these proposals has been 
endorsed by examining the new mono- and bis-arene hexaruthenium clusters described in 
the preceding chapters. 
5.5 Molecular organisation in the crystals of mono-arene clusters 
The more crowded triethylbenzene cluster [Ru6C(CO)14(1 6-C6H3Et3)] 42 was 
prepared in order to examine how a more flexible arene would effect any 'potential' arene-
arene interaction in the crystal lattice. Preparation involves simply heating a suspension of 
[Ru3(CO)12} in octane containing a large excess of triethylbenzene, at reflux, for several 
hours. Column chromatography, on silica, eluting with dichioromethane-hexane (1:1, v/v) 
affords 42 in moderate yield. Spectroscopic characterisation of this species was made with 
mass and 1 H n.m.r. analyses. The mass spectrum shows a parent peak at 1173 (caic. = 
1173) followed by loss of several carbonyl groups in succession. The 1 H n.m.r. spectrum 
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Figure 5.7 (a): The solid-state molecular structure of [Ru6C(CO)14(7-C6H3Et3)] 42, showing the 
atomic labelling scheme; the C atoms of the CO groups bear the same numbering as the corresponding 0 
atoms. Relevant bond distances (A) and angles (°): Ru(1)-Ru(3) 2.878(1), Ru(1)-Ru(4) 2.891(2), Ru(2)-
Ru(3) 2.918(2), Ru(2)-Ru(4) 2.853(1), Ru(3)-Ru(3') 2.855(1), Ru(3)-Ru(4) 2.962(1), Ru(4)-Ru(4') 
2.875(1), Ru(1)-C 1.928(6), Ru(2)-C 2.110(6), Ru(3)-C 2.063(3), Ru(4)-C 2.062(3), Ru(1)-C(9) 2.235(6), 
Ru( 1 )-C( 10) 2.257(4), Ru(1 )-C( 11) 2.306(5), Ru( 1 )-C( 12) 2.260(6), C(9)-Q10) 1.425(5), C(9)-C( 13) 
1.493(9), C(10)-C(1 1)1.413(6), C(1 1)-C(12) 1.430(5), C(1 1)-C(15) 1.505(6), C(13)-C(14) 1.490(l 1), 
C(15)-C(16) 1.519(8), C(10')-C(9)-C(10) 118.0(5), C(10)-C(9)-C(13) 120.9(3), C(1 3)-C(9)-Ru( 1)130.3(4), 
C(1 1)-C(10)-C(9) 122.0(4), C(10)-C(1 1)-C(12) 118.2(4), C(10)-C(1 1)-C(15) 120.2(4), C(12)-C(1 1)-C(15) 
121.3(4), C(15)-C(1 1)-Ru(1) 136.5(3), C(1 1')-C(12)-C(1 1)121.3(5), C(9)-C(13)-C(14) 113.1(6), C(1 1)-
C(15)-C(16) 109.5(4). 
consists of one singlet resonance and two multiple resonances at 8 values of 5.36, 2.38 and 
1.20 ppm, respectively, with relative intensities 1:2:3. The first signal can be attributed to 
aromatic ring protons, the frequency of this being indicative of an 16 group. The other two 
signals are derived from the alkyl groups, the former from the CH2 units, the latter from 
the CH3 groups. 
A single crystal X-ray diffraction study was carried out on crystals nucleated from a 
solution of dichloromethane-hexane by slow evaporation. A diagram of this molecule is 
shown in Figure 5.7a, together with relevant structural details. The complex contains the 
familiar octahedral metal framework encapsulating a C(carbide) atom. The triethylbenzene 
fragment formally replaces three carbonyl ligands of the parent cluster [Ru6C(CO)17] 12, 
thus adopting an 11 6  bonding mode. This cluster, 42, is isostructural with the clusters 
[Ru6C(CO)14(1 6-arene)J (arene = C6H6 14, C6H5Me 19, C6H4Me2 20 and C6H3Me3 
120 
21) even to the extent that the carbonyl ligand distribution is similar. The Ru-Ru bonds 
range from 2.853(1) to 2.962(1) A [mean 2.890(2) A]. The Ru-C(carbide) distance 
involving the metal atom to which the triethylbenzene is bound [Ru(1)] is shorter than the 
remaining five interactions [1.928(6) A versus a mean value for the other five distances of 
2.078(6) Aj. This feature is in keeping with previous observations and has been interpreted 
as a compensatory effect by the carbide atom for the complete substitution of carbonyl 
ligands on the ruthenium carrying the arene moiety. 
The three ethyl groups of the ring point upwards, which is not surprising when the 
crystal structure is examined. Figure 5.7b shows the fundamental packing motif displayed 
by this molecule. This geometry does not only minimise the intramolecular repulsions 
between the outermost CH3 groups and the carbonyl ligands, but also allows an efficient 
intermolecular interlocking in the crystal lattice. This interlocking effectively removes the 
problem of packing the flat arene by the upwardly pointed ethyl groups which create 
cavities and bumps of their own, which may interlock with carbonyl groups on adjacent 
molecules. 
Figure 5.7 (b): Intermolecular interlocking in crystalline [Ru6C(CO)14(fl 6-C6H3Et3)] 42, note how the 
'upward' orientation of the outer CH3 groups provide an efficient clamping unit to lock a neighbouring 
molecule. 
It is worth emphasising that the fundamental interaction observed in [Ru6C(CO) 171 
12, i.e. the interlocking of the bridging carbonyl group into the tetragonal cavity formed on 
the reverse side of this cluster by four terminal carbonyl ligands, is also present in all the 
mono-arene hexaruthenium cluster derivatives. This is illustrated in Figure 5.8, with 
reference to the benzene adduct, 19. The intermolecular separation between next 
neighbouring molecules is Ca. 9.5 A, which usually corresponds to a cell axis translation, 
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and this distance has indeed been found to be diagnostic of this type of key-hole 
interaction. 
Figure 5.8: 	The 'head-to-tail' interaction, illustrated for [Ru6C(CO)14(fl 6-C6H6)] 19, but present 
in all the mono-arene clusters based on the hexaruthenium-carbido carbonyl cluster. 
5.6 Molecular organisation in the crystals of bis-arene clusters 
The crystal structures of [Ru6C(CO)lI(11 6-arene)(.t3-T1 2 :Tl 2 :11 2-C6H6)I (arene 
C6H5Me 25 and C6H4Me2 26), [Ru6C(CO)ji(T1 6-C6H3Me3)(r1 6-C6H6)] 31, 
[Ru6C(CO)11(1 6-C61-LIMe2)2] 34 and [Ru6C(CO)1l(1 6-C61-I3Me3)2] 35 have also been 
probed by the atom atom potential energy method. Since 25 and 26 are structurally similar 
to the bis-benzene cluster 18,12  in terms of possessing one 1 6 and one J.t3-12:12:12  ligand, 
they shall be discussed first. 
The molecular organisation in crystalline 25 closely resembles that observed for the 
bis-benzene complex 18.10 Molecular 'snakes' are formed as shown in Figure 5.9a. The 
toluene and benzene fragments belonging to next neighbouring molecules face each other in 
the chain, although the presence of the methyl group on the toluene fragment prevents the 
two arenes from being parallel as, for example, in 18. In crystalline 26 the packing is more 
complicated being basically formed by 'dimers' of benzene-benzene interacting molecules. 
Figure 5.9b shows a simplified space-filling projection of the molecular organisation in this 
lattice. Note how the dichioromethane molecules are wedged in between the two benzene 
fragments, while the xylene ligands tend to form ribbons throughout the crystal lattice. It 
is, however, difficult to say whether the crystallisation of 26 with two independent 
molecules and one solvent molecule is due to a kinetic control over the crystallisation 





Figure 5.9: (a) The molecular organisation in crystalline 25 showing how the benzene and toluene 
ligands belonging to neighbouring molecules are almost face to face forming chains throughout the crystal. 
(b) The molecular organisation in crystalline 26 showing how the two independent molecules present in the 




The clusters Ru6C(CO) ii  (fl 6 -C6H3Me3)(T 6-C6H6)] 31 [Ru6C(CO)i 1(116- 
C6H4Me2)21 34 and [R116C(CO)lI(7l 6 -C6H3Me3)2] 35 show significant structural 
differences from the other bis-arene crystals outlined thus far. The former contains two 
different arenes, co-ordinated to adjacent metal atoms on the frame in an 76 fashion, while 
the latter two complexes adopt the 'sandwich-type' structure. Despite these differences, the 
packing motif is remarkably similar to that observed in the other systems. 
In crystalline 31 the benzene and mesitylene ligands belonging to the reference 
molecule are almost face-to-face with, respectively, the mesitylene and benzene ligands 
belonging to next neighbouring molecules, forming, again molecular chains. Figure 5. 1 O 
shows the molecular organisation in 31, whilst Figure 5.10b shows a projection of one 
mesitylene-benzene pair perpendicular to the plane defined by this latter ligand. 
Figure 5.10: (a) The molecular organisation in crystalline 31. The mesitylene and benzene ligands of 
neighbouring molecules face each other throughout the lattice forming snake-like chains. (b) Projection 




Analogously, the xylene groups in crystalline 34 and the mesitylene fragments in 
crystalline 35 are paired throughout the lattice, the latter of which is illustrated in Figure 
5.11 a. A projection of the two mesitylene-mesitylene interactions are shown in Figure 
5.1 lb. The distance between the arene planes is Ca. 3.6 A, which is only slightly longer 
than in graphite itself. The bis-xylene system is described in more detail in the following 
section. 
Figure 5.11: (a) The molecular organisation in crystalline 35. The two mesitylene ligands form 
graphitic-like interactions thereby creating chains. (b) Comparison of the two different types of mestiylene-
mesitylene intermolecular interactions in crystalline 35. 
These interactions concur with the earlier findings which led to the suggestion that 
the interlocking of flat arenes and uneven carbonyl groups is not efficient, hence crystals 
will assemble so that arene-arene and CO-CO interactions are optimised. Clearly, these 
results further substantiate this proposition. 
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5.7 Co-crystallisation of IRu6C(CO)14(i 6-C6H4Me2)1 43a and 
[Ru6C(CO)ii(11 6 -C6H4Me2)21 43b 
The co-crystallisation of organic compounds is a common phenomenon, 13 often of 
commercial importance. In organometallic chemistry many anion-cation pairs have been 
recognised 14 and to a lesser extent, pairs of conformational isomers in the same crystal 
have been observed, for example, [Ru6C(CO)14(11 6-C6H4Me2)] 20 and [Ru6C(CO)1 i(11 6 
C6I-1Me2)(93-11 2:rl2 :T 2-C6H6)] 26. Organometallic polymorphs have also been identified, 
{Ru6C(CO)17] 12, being one such example. However, the co-crystallisation of different 
organometallic clusters is virtually unknown. 
A mixed crystal system 43, containing both the mono-xylene species 
[Ru6C(CO)14(r 6-C6H4Me2)] 20 and the bis-xylene cluster [Ru6C(CO)ll(11 6-C6FL4Me2)2] 
34 was nucleated from a solution of dichioromethane containing equimolar quantities of 
each material, into which pentane slowly diffused. In the mixed crystal system, the 
molecular structures of the two molecules differ from those in the separate crystals. The 
molecular structure of [Ru6C(CO)14(r1 6 -C6H4Me2)] 43a is similar to one of the 
independent molecules in the individual crystal, viz. 20B, yet slightly different, while the 
molecular structure of [Ru6C(CO)1l(T1 6-C61-LIMe2)2] 43b differs from 34, most notably 
with respect to the rotameric conformation of the xylene ligands relative to each other, 
although there is hardly any difference between their principle bond lengths, see Table 5.1. 
Diagrams showing the molecular structures of 43a and 43b are found in Figures 5.12 a 
and b, respectively, together with relevant structural parameters. Compounds 43a and 43b 
possess structural features that are common to their respective molecules 20 (A and B) and 
34, as well as being common to most mono- and bis-arene hexaruthenium-carbido 
carbonyl clusters. 
Table 5.1: Comparison of relevant bond parameters. 
20A 20B 43a 34 43b 
Ru-Ru 2.836(3)- 2.822(2)- 2.834(3)- 2.807(1)- 2.818(3)- 
(range) 3.006(3) 2.975(3) 3.020(3) 3.018(2) 3.040(3) 
mean Ru-Ru 2.894(3) 2.892(3) 2.884(3) 2.872(2) 2.868(4) 
Ru-Carbide 
long 2.074(6) 2.069(6) 2.06(2) 2.08(1) 2.07(2) 
short 1.913(5) 1.927(5) 1.91(2) 1.97(1) 1.96(2) 
mean Ru-C 2.258(7) 2.247(8) 2.24(2) 2.25(1) 2.23(3) 
(xylene) 
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In both compounds the xylene ligands are bound in an r 6 terminal bonding mode to 
the clusters, formally replacing three carbonyl ligands on each co-ordination site. The 
molecular equators contain one near-symmetric bridging CO group spanning one Ru-Ru 
edge, a semi-bridging and a bent terminal ligand. The remaining carbonyls are all bound in 
a terminal fashion. The cavity within the octahedral metal core is occupied by a C(carbide) 
atom. In 43a the interstitial atom is located nearer to the xylene bound Ru atom [Ru(8)-
C(99) 1.91(2) A versus a mean value for the other Ru-C(99) distances of 2.06(2) Aj. The 
entire octahedron in 43b is compressed along the arene co-ordination axis [mean of Ru(4)-
C(98) and Ru(6)-C(98) 1.96(2) A versus a mean value of 2.07(2) A for the remaining four 
Ru-C(98) distances]. Ru-Ru bonds range from 2.834(3) to 3.020(3) A in 43a [mean 
2.884(3) A] and from 2.818(3) to 3.040(3) A [mean 2.868(4) Al in 43b. 
C 
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Figure 5.12 (a): The solid-state molecular structure of [Ru6C(CO)14(1 6 .C6H4Me2)1 43a, from the 
mixed crystal system. Relevant bond distances (A): Ru(7)-Ru(8) 2.885(2), Ru(7)-Ru(9) 2.942(3), Ru(7)-
Ru(10) 2.846(3), Ru(7)-Ru(l 1) 2.869(3), Ru(8)-Ru(10) 2.870(2), Ru(8)-Ru(11) 2.870(3), Ru(8)-Ru(12) 
2.845(3), Ru(9)-Ru(10) 2.849(3), Ru(9)-Ru(l 1) 2.889(3), Ru(9)-Ru(12) 2.834(3), Ru(10)-Ru(12) 3.020(3), 
Ru(1 l)-Ru(12) 2.894(3), Ru(7)-C(99) 2.07(2), Ru(8)-C(99) 1.91(2), Ru(9)-C(99) 2.10(2), Ru(10)-C(99) 
2.03(2), Ru(1 1)-C(99) 2.07(2), Ru(12)-C(99) 2.05(2), Ru(8)-C(42) 2.27(2), Ru(8)-C(43) 2.22(2), Ru(8)-
C(44) 2.22(2), Ru(8)-C(45) 2.25(2), Ru(8)-C(46) 2.25(2), Ru(8)-C(47) 2.22(2), C(42)-C(43) 1.35(3), 
C(42)-C(47) 1.40(3), C(42)-C(49) 1.57(4), C(43)-C(44) 1.45(3), C(44)-C(45) 1.39(3), C(45)-C(46) 1.40(4), 
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Figure 5.12 (b): The solid-state molecular structure of [Ru6C(C0)11(1 6-C6H4Me2)21 43b, from the 
mixed crystal system. Relevant bond distances (A): Ru(1)-Ru(2) 2.857(2), Ru(1)-Ru(4) 2.842(3), Ru(1)-
Ru(5) 3.040(3), Ru( 1 )-Ru(6) 2.836(3), Ru(2)-Ru(3) 2.941(3), Ru(2)-Ru(4) 2.855(3), Ru(2)-Ru(6) 2.849(3), 
Ru(3)-Ru(4) 2.855(4), Ru(3)-Ru(5) 2.8 18(3), Ru(3)-Ru(6) 2.840(3), Ru(4)-Ru(5) 2.827(3), Ru(5)-Ru(6) 
2.851(3), Ru(1)-C(98) 2.07(2), Ru(2)-C(98) 2.08(2), Ru(3)-C(98) 2.06(2), Ru(4)-C(98) 1.97(2), Ru(5)-
C(98) 2.05(2), Ru(6)-C(98) 1.95(2), Ru(4)-C(12) 2.22(2), Ru4)-C(13) 2.22(2), Ru(4)-C(14) 2.25(2), 
Ru(4)-C(15) 2.27(2), Ru(4)-C(16) 2.20(2), Ru(4)-C(17) 2.23(3), C(12)-C(13) 1.45(3), C(12)-C(17) 1.42(4), 
C(13)-C(14) 1.40(4), C(14)-C( 15) 1.44(4), C(14)-C(18) 1.52(4), C(15)-C(16) 1.36(4), C(16)-C(17) 1.33(4), 
C(16)-C(19) 1.55(3), Ru(6)-C(20) 2.23(2), Ru(6)-C(20) 2.21(2), Ru(6)-C(22) 2.23(2), Ru(6)-C(23) 2.24(2), 
Ru(6)-C(24) 2.23(2), Ru(6)-C(25) 2.26(2), C(20)-C(21) 1.37(3), C(20)-C(25) 1.36(3), C(2 1 )-C(22) 1.46(3), 
C(22)-C(23) 1.4 1(3), C(23)-C(24) 1.40(4), C(23)-C(26) 1.47(4), C(24)-C(25) 1.44(4), C(25)-C(27) 1.53(4). 
In addition to these general characteristics there are some specific features of 43a 
and 43b that are worth amplifying. The orientation of the xylene ligand in 43a is similar to 
that observed for one of the two independent molecules present in the asymmetric unit of 
the homotypical crystal of [Ru6C(CO)14(11 6-C6H4Me2)] 20. In 43b, the two xylene 
ligands are mutually staggered. One methyl group on each ring is eclipsed with the bridging 
CO ligand, while the second methyl group lie 120* apart, with respect to each other. These 
features are in keeping with the conformational non-preference generally shown by 16 
bound arene derivatives based on pentanuclear and hexanuclear clusters. 
The mixed crystal formed by the co-crystallisation of [Ru6C(CO)14(1 6-C6FLIMe2)] 
43a and tRu6C(CO)1 l(T1 6-C6H4Me2)2] 43b can be described as an alternating stack of 
bimolecular layers each formed from molecules of the same type. The co-crystal can 
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therefore be described by the sequence 43a43a-43b43b-43a43a-43b43b etc... Each 
bimolecular layer is effectively a three-dimensional crystal in its own right. The bimolecular 
layer of 43a contains molecules of 43a arranged in 'piles', with the xylene of each 
molecule interlocked with the tricarbonyl unit of the next neighbouring molecule along the 
pile, as illustrated in Figure 5.13a. A similar interlocking pattern is observed in the crystals 
of other mono-arene derivatives [Ru6C(CO)14(11 6-arene)] (arene = C6H3Me3 21 and 
C6H3Et3 42). The bimolecular layers of 43b are also formed by molecular piles based on 
the quasi face-to-face interaction between next neighbouring xylene ligands. The inter-arene 
separation is Ca. 3.4 A, and is reminiscent of that observed in [Ru6C(CO)11(7 6 -
C6H4Me2)21 34 and [Ru6C(CO)11(1 6-C6H3Me3)21 35. In other words, the important 
interactions observed for separate crystals dominate in the co-crystal. Figure 5.13 and 5.14 
illustrates these packing patterns. 
(a) 	 (b) 
Figure 5.13: (a) The bimolecular layer of 43a contains molecules arranged in piles with the xylene of 
each molecule interlocked with the tricarbonyl unit of a next neighbouring molecule along the pile. (b) The 
bimolecular layer of 43b, formed by molecular piles based on the quasi face-to-face interaction between 
next neighbouring xylene ligands. 
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Figure 5.14: The pairing of the bimolecular layers in the co-crystal 43. The spheres represent the 
central cluster and carbonyl units. 
The occurrence of the co-crystallisation phenomenon encountered here is not easy 
to rationalise. Firstly, the properties of this system which could allow co-crystallisation to 
occur in the first place are worth mentioning. The properties of the two molecules which 
facilitate the co-crystallisation process are probably their malleable nature and their similar 
solubilities. The former feature is largely linked to the ability of the xylene and carbonyl 
ligands to orientate in varying conformations with respect to the cluster unit. This has been 
observed in the two clusters [Ru6C(CO)14(T1 6- C6H4Me2)1 20 and [Ru6C(CO)l1(T1 6-
C61-14Me2)Q13-1 2 :T1 2 :11 2-C6H6)] 26, with each crystal containing two conformational 
isomers of each compound (see Sections 3.9 and 3.10). The latter property, is probably 
important as both molecules 20 and 34 crystallise under similar conditions, particularly the 
concentration at which nucleation is initiated, which appears to be similar for these two 
molecules. Having said this, the energetics involved in the co-crystal, compared with that 
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for homogeneous crystals must be the final determinant. It has been demonstrated that 
organometallic clusters form essentially normal' molecular crystals, viz, crystals held 
together by van der Waals type interactions of the type commonly observed in organic 
solids. On this premise, the formation of a mixed crystal should follow the same rules as 
the co-crystallisation of organic materials. Hence, a co-crystal is formed if the stability (the 
cohesive energy) of the mixed crystal is larger than that of the homo-typical crystals formed 
by only one type of molecule. However, preliminary calculations indicate that there is little 
difference in energy between the three crystals 20, 34 and 43. They are strictly 
comparable in terms of cohesive energies and efficiency of volume occupation. This is an 
important insight into the specific co-crystallisation phenomenon, because it indicates that 
the mixed crystal can be obtained easily only because it is competitive with the two separate 
crystals. 
5.8 Re-evaluating the role of arene and cyclohexadiene clusters as models 
for chemisorption 
In the introductory chapter, an assessment of the cluster-surface analogy was 
described, with particular attention directed towards chemisorbed benzene. Here, a few of 
the pertinent areas related to the research described in this thesis are evaluated. 
One of the major areas of conflict between the cluster and surface regime is size. 
The question is often raised as to how a seemingly microscopic fragment of a surface, i.e. a 
cluster, can model a system with a massive number of metal atoms. The evidence gained 
from benzene attached to ruthenium clusters suggest that size is immaterial, as long as 
trends are followed. The chemisorbed analogue of the p.3-12:112:12 benzene, viz. benzene 
chemisorbed at a hollow site, 15  exhibits the customary alternation of C-C bond lengths, the 
difference between long and short bonds being A = 0.50 A. The estimated standard 
deviations associated with this are large, and in the limiting case, the difference is A = 0.20 
A. In the triruthenium cluster, [Ru3(CO)9U.t3-71 2 11 2 :T1 2-C6H6)], A = 0.04 A, which 
increases to A = 0.08 A in [Ru5C(CO)12O.t31 2 :11 2 :Tl 2 C6H6)1, 16  and for hexaruthenium 
clusters, the difference in bond length is typically A = 0.09 A. Although these observations 
are limited to only three cluster sizes, there is a clear trend showing that as nuclearity 
increases, the Kekulé distortions in the benzene ring increase accordingly. As long as 
surface scientist take this into account, then accurate analogies could be made between the 
two regimes. Clearly, crystallographic studies of p.3-1 2 :112 :11 2 benzene rings attached to 
larger clusters would be beneficial to confirm this pattern,. It is possible, however, to 
estimate that a cluster of approximately thirty metal atoms would show distortions of the 
same order as a metal surface. This estimate is consistent with calculations which indicate 
that a cluster of metal atoms becomes metal-like at nuclearities ranging from 25-50 atoms. 17 
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Migration of benzene across a metal surface is important with respect to catalysis. 18 
Little is known about the mechanisms of such processes. Results on hexaruthenium-
carbido cluster system show that migration of arenes from an 716 site to a t3-11 2 :11 2 :1 2 co-
ordination site (and visa versa) is a non-dissociative process, probably involving a bridging 
12-13:13 or .t2-Tl 4 :1 2  intermediate. The motion of benzene from a facial site to an .96 
terminal has also been established in the pentaruthenium cluster system, and similar edge 
bridging intermediates have been proposed to those in the hexanuclear system. It is not 
unreasonable to conclude, that the motion of benzene over a metal lattice is not dissimilar, 
especially when one considers that both the cluster and surface systems also require the 
simultaneous migration of carbonyl groups. 
It has also been pointed out that if a ligand bonds to a cluster in a more elaborate 
multicentre fashion than to a single metal atom complex, a similar interaction can be 
anticipated with a metal surface. 18  This has been clearly established for a number of 
ligands, including benzene. The new bridging mode for cyclohexadiene has been 
established in the ruthenium-carbido clusters. Prior to this only the 7 4 bonding mode was 
known, hence, it is probable that if cyclohexadiene bonds to a cluster in a 121 2 :11 2 co-
ordination mode, then the same type of bonding can he expected for cyclohexadiene 
chemisorbed to a metal surface. 
The interactions of 1,3- and 1,4-cyclohexadiene with platinum surfaces are of 
interest due to their possible role as intermediates in the catalytic conversion between 
cyclohexane, cyclohexene and benzene. 19 Their interactions with the Pt(11 1) surface, 
postdosed with bismuth, have been investigated. 20 Both species adsorb molecularly on 
Pt(l 11) at 100 K. Upon warming to 230-260 K both species dehydrogenate to produce 
adsorbed benzene. The adsorbed benzene thus produced either undergoes further 
dehydrogenation, ultimately to graphitic carbon, or desorbs, these processes taking place at 
over 450 K. These processes may be conveniently modelled by the penta- and hexa-
ruthenium cluster systems described in Chapters 2 and 3, respectively. It was shown that 
1,3- and 1 ,4-cyclohexadiene are able to undergo dehydrogenation, while co-ordinated to a 
cluster, to yield benzene. The reaction of these diene-clusters with the decarbonylation 
reagent Me3NO generates a vacant site at ruthenium thereby mimicking the inherent co-
ordinative unsaturation of a metal surface. The proposed mechanism for the 
dehydrogenation process of these 92  cyclohexadiene ligands in the ruthenium-carbido 
cluster systems are believed to involve a C-H bond cleavage yielding a hydrido-hexadienyl 
intermediate, the dienyl unit triply bridging a trimetal face. One further C-H bond cleavage, 
followed by loss of dihydrogen affords the 93  benzene cluster complex, which can then 
migrate to a terminal metal site, or be displaced from the cluster under a high pressure of 
carbon monoxide. These results are of recognisable benefit to surface studies, not only 
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enacting the dehydrogenation of C6H8 to C6H6 and subsequent desorbtion, but may be of 
further interest since the underlying surface structures still require characterisation. 
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6.1 General experimental procedures and instrumentation 
Syntheses 
All reactions were carried out with the exclusion of air under an atmosphere of 
nitrogen, using freshly distilled solvents. Autoclave reactions were carried out in a 
magnetically stirred Burghoff (250m1) autoclave fitted with a PTFE liner. [Ru3(CO)12] and 
[Ru6C(CO)171 were prepared by literature methods, 1,2  while [Ru5C(CO)15] was prepared 
with slight modifications to the reported preparatory method. 3 A lower carbon monoxide 
pressure of 70 atmospheres, and a shorter reaction time of 3.5 h were used. 
Trimethylamine-N oxide (Me3NO), purchased as the dihydrate, was dried initially by a 
Dean and Stark distillation in benzene, followed by sublimation prior to reaction. All other 
reagents were used as supplied, without further purification, unless stated otherwise. 
Cyclohexa-1,3-diene and cyciohexa-1,4-diene were purchased from both Aldrich and 
Fluka Chemicals. 
Separations 
All separations were achieved chromatographically on silica. Thin layer 
chromatography (tic) was carried out using plates supplied by Merck consisting of glass 
plates (20 cm x 20 cm) coated with a 0.25 cm layer of silica gel 60 F254. Column 
chromatography was carried out using a 50 cm (2 cm id) glass column with a 250 ml 
solvent reservoir and a facility for nitrogen pressurisation. 60 mesh silica gel was used as 
the packing material. Eluents were mixed from standard laboratory grade solvents. 
Crystal lisations 
All spectroscopic and analytical data were obtained on crystalline samples. Single 
crystals of high quality were required for the collection of X-ray diffraction data. 
Crystalline material of varying quality was grown by a number of different 
techniques including slow evaporation from dichioromethane-hexane or toluene, slow 
diffusion with dichloromethane-pentane, or at reduced temperatures in dichloromethane-
hexane or toluene. The method employed in the production of high quality single crystals 
will be specified in the text where appropriate. 
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Infrared spectroscopy 
Infrared spectra were measured in dichioromethane (unless stated to the contrary) in 
NaCl cells (0.5 mm path length) supplied by Specac Ltd. Spectra were recorded on Perkin-
Elmer 1710 or 1600 Series fourier transform instruments, calibrated with carbon dioxide. 
Mass spectroscopy 
Fast atom bombardment mass spectra were obtained on a Kratos MS50TC 
spectrometer. The instrument was run in positive mode, using CsI as calibrant. Samples 
were dissolved in a minimum amount of acetone prior to addition of the matrix liquid. 
NMR spectroscopy 
1 H n.m.r. spectra were recorded on Bruker WH 200, 250 and AM 360 fourier 
transform instruments. An internal deuterium lock was used for all accumulations at all 
temperatures. Deuterated solvents, CDC13 in most instances, were used. Proton 
homonuclear two-dimensional correlation (COSY) experiments were recorded over a range 
of 2300 Hz in F2 (1150 l-lz in Fl) using a magnitude mode experiment. A relaxation delay 
of 3 seconds was used. Specific parameters will be quoted in the text where necessary. 
Single crystal X-ray diffraction analysis 
Diffraction data were collected on an Enraf-Nonius CAD-4 or Stoë Stadi-4-circle-
diffractometer. An Oxford Cryosystems device was used for data collection at low 
temperature. The appropriate crystal data, data collection and structure refinement 
parameters are presented in the text. 
6.2 Experimental details for Chapter 2 
Reaction of [Ru5C(C0)15] 1 with cyclohexa-1,3-diene and Me3NO 
The compound [Ru5C(CO)15} 1 (100 mg) was dissolved in dichioromethane (30 
ml), and cyclohexa-1,3-diene (1 ml), and the solution cooled to -78°C. A solution of 
Me3NO (16 mg, 2.1 moE. equiv.) in dichloromethane (10 ml) was added dropwise over a 
period of 5 minutes. The mixture was stirred for an additional 30 minutes during which 
time the solution was brought to room temperature, this was accompanied by a slight 
darkening of the reaction mixture. IR spectroscopy indicated complete consumption of the 
starting material. The solvent was removed in vacuo and the residue separated by tic using 
a solution of ethylacetate-dichloromethane-hexane (5:10:85) as eluent. The major red band 
was extracted and characterised as [Ru5C(CO)13(t2-11 2 :11 2-C6H8)] 2 (32 mg). Crystals 
suitable for X-ray diffraction were grown from a solution of dichloromethane-hexane at - 
25°C. 
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Spectroscopic data for 2: IR (CH2Cl2): u (CO) 2083 (m), 2051 (s), 2032 (s, sh), 2020 (s) cm - ; 
n.m.r. (CDCI3): 8 5.42 (m, 2H), 4.36 (m, 2H), 2.74 (m, 2H), 1.80 (m, 2H) ppm; MS: M = 959 
(caic. = 962) amu. 
Crystal data and measurement details for 2: Formula C20.25H8.5C10.5015Ru5, Mr 1014.5, 
Crystal size/mm 0.25 x 0.27 x 0.42, System Monoclinic, Space group P2 1/n, a/A 16.193(3), b/A 
9.897(2), c/A 19.536(4), /° 98.80(3), u/A 3 3092, Z 4, F(000) 1962, D/gcm 2.19, 4(Mo-K(t)/cm 1 
24.3, 2i3 Range/' 7-45, co Scan width/* 1.40, Measured reflections 5113, Unique observed reflections [I> 
2cy(J)] 2886, No. of refined parameters 256, R 0.061, R'b  0.078, S 1.4, g 0.002, k 1. 
Reaction of [Ru5C(CO)l3(p.2-1 2 :11 2 -C6H8)] 2 with Me3NO 
To a solution of [Ru5C(CO)13(92-11 2 :11 2-C61-18)] 2 (30 mg) in dichloromethane (15 
ml), Me3NO (3 mg, 1.1 mol. equiv.) in dichioromethane (5 ml) was added dropwise over 
a 5 minute period. The reaction mixture was stirred for a further 15 minutes in which time 
the solution darkened in colour and the IR spectrum showed no further reaction. The 
solvent was removed under a stream of nitrogen and the products separated by tic eluting 
with a solution of ethylacetate-dichioromethane-hexane (5:10:85). The red and black bands 
were extracted and characterised as [Ru5C(CO)12(t3-11 2 :1 2 :fl 2-C6H6)} 3 (14 mg) and 
[Ru5C(CO)12(1 6-C6H6)] 4 (9 mg), respectively. Single crystals of 3 and 4 suitable for X-
ray diffraction were grown from a solution of dichioromethane-hexane by slow 
evaporation. 
Spectroscopic data for 3: IR (CH202): u (CO) 2085 (m), 2063 (s), 2028 (s, sh), 2014 (s) 1890 
(w, br) cm* 1 H n.m.r. (CDCI3): 5 4.12 (s, 6H) ppm; MS: M = 931 (calc. = 932) ama. Analytical data, 
Cl91-16012Ru5 Found (Caic.): C 24.29 (24.46), Fl 0.78 (0.64) %. 
Crystal data and measurement details for 3: Formula C1914601211u5, Mr 931.6, Crystal size/mm 
0.13 x 0.16 x 0.14, System Triclinic, Space group Pibar, a/A 9.525(2), b/A 14.574(3), c/A 9.484(4), a/° 
96.29(2), /' 112.37(3), y/' 82.33(2), U/As 1204, Z 2, F(000) 872, D/gcm 1 2.57, 11(Mo-K(X)/cm 
28.40, 2i) Range/' 6-56, co Scan width/' 1.40, Maximum scan time/s 90, Measured reflections 6415, 
Unique observed reflections [1> 2a(/)] 4114, No. of refined parameters 331, R 0.040, R'b  0.040, S 1. 1, g 
0.0010, k 0.7. 
Spectroscopic data for 4: IR (CH2Cl2): u (CO) 2077 (m), 2048 (s), 2033 (s, sh), 2010 (s) cm -1 ; 
n.m.r. (CDCI3): 8 5.93 (s, 6H) ppm; MS: M = 931 (calc. = 932) amu. Analytical data, 
C19H6012Ru5 Found (Calc.): C 24.29 (24.46), H 0.78 (0.64) %. 
Crystal data and measurement details for 4: Formula C19H6012Ru5, Mr 931.6, Crystal size/mm 
0.12 x 0.12 x 0.15, System Monoclinic, Space group P211c, a/A 15.26(2), h/A 16.675(9), c/A 19.016(9), 
/' 96.04(7), U/A 3 4812, Z 8, F(000) 3844, D/gcm 1 2.57, J.L(Mo-KcL)/cm 4 28.43, 2i3 Range/' 5-50, co 
Scan width/' 0.90, Maximum scan time/s 90, Measured reflections 7726, Unique observed reflections [1> 
2c(I)] 3951, No. of refined parameters 571, R 0.058, Rh  0.060, S 2.5, g 0.0009, k 1.01. 
Thermolysis of IRu5C(CO)13(92-T 2 :T1 2-C6H8)1 2 
The compound tRu5C(CO)13Q2-1 2m2-C6H8)1 2 (24 mg) was dissolved in hexane 
(60 ml) and heated under reflux for 18 h during which time the solution changed from red 
to black. IR spectroscopy used to monitor the reaction indicated that no starting material 
remained. The solvent was removed in vacuo and the residue purified by tic using 
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dichioromethane-hexane (30:70) as eluent. The black product was extracted and 
characterised by spectroscopy as [Ru5C(CO)12(11 6-C6H6)] 4 (18 mg). 
Thermolysis of LRu5C(CO) 12(13-11 2 : 2 : 2-C6H6)1 3 
The compound [Ru5C(CO)I2(93-11 2 :1l 2 :fl 2-C6H6)] 3 (10 mg) was heated under 
reflux in hexane (30 ml) for 4 h. During this time the colour changed from red to black and 
JR spectroscopy indicated complete conversion of the starting material to [Ru5C(CO)12(T16-
C6H6)J 4 (9 mg). This was confirmed by spot tic which showed no other products present, 
and that virtually no decomposition had taken place during the reaction. 
Reaction of [Ru5C(CO)12( 6 -C6H6)J 4 with CO 
A steady stream of CO was passed through a solution of [Ru5C(CO)12(T 6-C6H6)] 
4 (20 mg) in dichloromethane (25 ml). After 5 minutes the solution had changed in colour 
from black to yellow, and IR spectroscopy indicated complete consumption of the starting 
material. Removal of the CO source resulted in the regeneration of the black solution after a 
few minutes, which was characterised as the starting material. Alternatively, if the reaction 
vessel was sealed under a CO atmosphere and stored at -20°C for 5 days, yellow-orange 
crystals were obtained. These crystals were characterised by spectroscopic methods as 
[Ru5C(CO)1 3(i 6-C6H6)J 5 (13 mg). 
Spectroscopic data for 5: IR (CH2Cl2): u (CO) 2076 (m), 2045 (s), 2023 (s), 1982 (w) cm -1 ; 1 H 
n.m.r. (CDC13): 6 6.36 (s, 611) ppm; MS: M = 959 (calc. = 960) amu. 
Crystal data and measurement details for 5: Formula C20H6013Ru5,  Mr 959.6, Crystal size/mm 
0.20 x 0.25 x 0.13, System Monoclinic, Space group P211n, a/A 9.792(4), b/A 15.7 18(2), c/A 16.446(3), 
3/° 96.37(2), U/A3 2515, Z 4, F(000) 1800, D/gcm 1 2.54, ii(Mo-Kcz)/cm 4 27.2, 2) Range/* 6-50, o 
Scan width!' 1.20, Maximum scan time/s 100, Measured reflections 4752, Unique observed reflections [I> 
2y(!)J 2037, No. of refined parameters 302, R 0.039, R' 1 0.042, S 1.3, g 0.0004, k 1.12. 
Preparation of [RU5C(CO)12(1 6 -C6H6)1 6 
Crystals of [Ru5C(CO)13(1 6-C6H6)] 5 (9 mg) were dissolved in dichloromethane 
(20 ml). On standing under a N2 atmosphere for 30 minutes the colour changed from 
yellow to black. IR spectroscopy showed that no starting material remained, and spot tic 
demonstrated that a single product had formed, which was characterised by spectroscopy to 
be [Ru5C(CO)12(T1 6-C61-16)1 6 (7 mg). 
Spectroscopic data for 6: IR (CH2Cl2): u (CO) 2076 (m), 2068 (s), 2050 (s), 2035 (s), 2011(s) 
cm -1 ; 1 H n.m.r. (CDCI3): 6 5.93 (s, 611) ppm; MS: MI = 931 (calc. = 932) amu. 
Thermolysis of [Ru5C(CO)12( 6 -C6H6)] 6 
The compound [Ru5C(CO)12(1 6-C6H6)] 6 (5 mg) was heated to reflux in hexane 
(25 ml). After 40 h IR spectroscopy indicated that the starting material had undergone 
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complete conversion to [Ru5C(CO)12(1 6-C6F16)] 4 (5 mg). This was confirmed by spot tic 
which showed no other products were present. 
Reaction of [Ru5C(CO)15] 1 with cyclohexa-1,3-diene and 3 moi. equiv. of 
Me3NO 
The compound [Ru5C(CO)1] 1 (500 mg) was dissolved in dichioromethane (50 
ml), and cyclohexa-1,3-diene (2 ml), and the solution cooled to -78°C. A solution of 
Me3NO (124 mg, 3.1 mol. equiv.) in dichioromethane (15 ml) was added dropwise over a 
period of 5 minutes. The mixture was stirred for a further 30 minutes during which time the 
temperature of the solution was raised to that of the room. The colour of the reaction 
mixture darkened considerably over this period, and JR spectroscopy indicated complete 
consumption of the starting material. The solvent was removed in vacuo and the residue 
separated by column chromatography using a solution of ethylacetate-dichioromethane-
hexane (5:10:85) as eluent. Three products were isolated and characterised 
spectroscopically as [Ru5C(CO)Il(1 4 -C6H8)21 7 (black, 78 mg), [Ru5C(CO)12(t3-
1 2:q 2 :1 2-C6H6)] 3 (red, 84 mg) and [Ru5C(CO)12(11 6-C6H6)] 4 (black, 67 mg), in order 
of elution. Crystals of 7 were nucleated from the slow evaporation of a dichioromethane- 
hexane solution. 
Spectroscopic data for 7: JR (CH202): u (CO) 2058 (w), 2039 (vs), 2015 (s), 1981 (m), 1846 
(m) cm'; 1 H n.m.r. (CDCI3) @ 212 K: 5 6.14 (m, IH), 5.38 (m, 111), 4.45 (m, IH), 2.87 (m, 11-1), 2.79 
(m, IH), 2.08 (m, 1H), 1.97 (m, JH), 1.58 (m, IH) ppm (all resonances are broad at room temperature); 
MS: M = 985 (calc. = 986) amu. Analytical data, C24H16 0 11Ru5 Found (Caic.): C 29.16 (29.24), H 
1.72 (1.62) %. 
Crystal data and measurement details for 7: Formula C24 11 160 1 lRu5, Mr 985.73, Temp 150 K, 
System Orthorhombic, Space group Pnma, alA 13.355(3), b/A 13.996(3), c/A 14.593(3), u/A3 2727, Z 4, 
F(000) 1696, ji(Mo-K(x)/cm 4 26.8, i3 Ranger 2.5-22.5, Measured reflections 2700, unique observed 
reflections [I> 2y(I)J 1657, No. of refined parameters 202, R 0.035, R'b 0.043, S 1.29. 
Reaction of [Ru5C(CO)11(T1 4-C6H8)2] 7 with CO 
The compound [Ru5C(CO)ll(1 4 -C6H8)2] 7 (10 mg) was dissolved in 
dichloromethane (20 ml) and a steady stream of CO was passed through the solution for 10 
minutes. The reaction vessel was sealed under the CO atmosphere and stored at -20°C for 
18 h. The solution changed from a black to a dark red colour during this period. Removal 
of the solvent in vacuo, followed by tic using a solution of dichloromethane-hexane (30:70) 
as eluent resulted in isolation of a major red product characterised spectroscopically as 
[Ru5C(CO) 3 (7 mg). 
Thermolysis of [Ru5C(CO)i1(11 4 -C6H8)] 7 
The compound [Ru5C(CO)ll(11 4-C6H8)2] 7 (10 mg) was dissolved in hexane (40 
ml) and heated to reflux for 7 h. IR spectroscopy indicated no further change after this 
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time. The solvent was removed in vacuo and the residue purified by tic using a solution of 
dichloromethane-hexane (30:70) as eluent. A single elutable product was obtained and 
characterised spectroscopically to be [Ru5C(CO)l2(fl 6-C6H6)] 4 (2 mg), the remaining 
material consisted of irretractable decomposition products. 
Reaction of [Ru5C(C0)12(J.L3-rl 2 :y 2 :1 2 -C6H 6)11 3 with cyclohexa-1,3-diene 
and Me3NO 
The compound 11Ru5C(CO)l2(t3 -7 I 2 :fl 2 :Tl 2- C6H6)1 3 (30 mg) was dissolved in 
dichloromethane (20 nil), and cyclohexa-1,3-diene (1 ml), and the solution cooled to - 
78°C. A solution of Me3NO (5 mg, 2.1 mol. equiv.) in dichioromethane (5 ml) was added 
dropwise over a period of 5 minutes. The mixture was stirred for an additional 25 minutes 
during which the solution was brought to room temperature. The reaction mixture darkened 
slightly and IR spectroscopy indicated complete consumption of the starting material. The 
solvent was removed under reduced pressure and the residue separated by tic using a 
solution of ethylacetate-dichioromethane-hexane (5:10:85) as eiuent. The major orange 
band was extracted and characterised as [Ru5C(CO) 1oU3 -1 2 :T1 2 :n2- C6H6)(t2 -11 2 m2-
C6H8)] 8 (13 mg). Slow evaporation from a dichloromethane-hexane solution afforded 
single crystals of a quality suitable for X-ray crystallographic studies. 
Spectroscopic data for 8: IR (CH202): u (CO) 2046 (w), 2020 (s), 1988 (s), 1942 (w) cm -1 ; 1 H 
n.m.r. (CDC13): 5 5.57 (m, 2H), 4.57 (m, 2H), 4.14 (s, 6H), 2.84 (m, 2H), 2.03 (m, 2H) ppm; MS: M 
= 955 (calc. = 956) amu. 
Crystal data and measurement details for 8: Formula C231114010Ru5, Mr 955.71, System 
Triclinic, Space group P1, a/A 9.687(7), b/A 16.474(4), c/A 9.036(1), aT 92.68(2), 1/° 116.01(3), 'y/° 
78.95(2), u/A 3  1270, Z 2, F(000) 904, 11(Mo-K(x)/cm 29.6, 10 Range/* 2.5-25, Measured reflections 
4783, Unique observed reflections [I> 2(J)] 3857, No. of refined parameters 344, R 0.021, R'b  0.064, S 
1.06. 
Reaction of [Ru5C(C0)12(1 6 -C6H6)] 4 with cyclohexa-1,3-diene and 
Me3NO 
The compound [Ru5C(CO)l2(11 6 -C6H6)1 4 (47 mg) was dissolved in 
dichloromethane (30 ml), and cyciohexa-1,3-diene (2 ml), and the solution cooled to - 
78°C. A solution of Me3NO (10 mg, 2.1 mol. equiv.) in dichloromethane (5 ml) was 
added dropwise over a period of 5 minutes. The reaction mixture was allowed to stir for an 
additional 30 minutes whilst the solution was raised to room temperature. JR spectroscopy 
indicated that a substantial consumption of the starting material had taken place. The solvent 
was removed in vacuo and the residue separated using tic, eluting with a solution of 
ethylacetate-dichloromethane-hexane (5:10:85). The major black band was extracted and 
characterised as IRu5C(CO)l0(71 6-C61­16)412-T 2 :i1 2-C6H8)1 9 (23 mg). Single crystals were 
grown from a solution of dichloromethane-hexane at -25°C. On removal from solution 
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these crystals rapidly collapsed, and required data collection at low temperature, held within 
a droplet of mineral oil. 
Spectroscopic data for 9: IR (CH202): u (CO) 2052 (m), 1997 (s), 1985 (w, br) cm-1 ; 'H n.m.r. 
(CDCI3): ö 5.85 (s, 6H), 5.33 (m, 1H), 5.07 (m, 1H), 4.43 (m, 1H), 4.09 (m, 1H), 2.58 (m, 1H), 1.98 
(m, IH), 1.72 (m, 211), 1.69 (m, 111) ppm; MS: MI = 955 (calc. = 956) amu. 
Crystal data and measurement details for 9: Formula C231-114010Ru5,  Mr 955.71, Temperature 
150 K, System Monoclinic, Space group P2 11c, a/A 13.724(3), b/A 12.086(3), c/A 15.457(2), /' 
95.77(2), U/A3  2551, Z 4, F(000) 1808, j.t(Mo-K(x)/cm 1 28.7, i3 Range," 2.5-22.5, Measured reflections 
3532, Unique observed reflections [I> 2(J)1 2944, No. of refined parameters 224, R 0.054, Rb 0.057, S 
0.97. 
Thermolysis of [Ru5C(CO) 1o(ji3-ii2:2:r2-C6H6)(.L2- 2:112- COO] 8 
The compound [Ru5C(CO)10(93- 2 :1 2 :T1 2-C6H6)(.t2-Tl 2 :11 2-C6H8)J 8 (8 mg) was 
heated to reflux in toluene (20 ml) for 8 h. The solution changed in colour from orange to 
black and IR spectroscopy indicated complete consumption of the starting material. A 
single product was produced in low yield, demonstrated by spot tic which showed only 
one extractable product to be present, plus inextractable decomposition material. Filtration 
of the reaction mixture through a short silica column (2 cm) gave, pure, black material 
which was characterised spectroscopically as [RuC(CO) lo(rl6-C6H6)(L2-112:rI2-C6J-18)]  9 
(2 mg). 
Reaction of [Ru5C(CO)1] 1 with cyclohexa-1,4-diene and Me3NO 
The compound [Ru5C(CO)15] 1. (100 mg) was dissolved in dichloromethane (30 
ml), and cyclohexa-1,4-diene (1.5 ml), and the solution cooled to -78°C. A solution of 
Me3NO (16 mg, 2.1 mol. equiv.) in dichloromethane (10 ml) was added dropwise over a 
period of 5 minutes. The mixture was stirred for an additional 30 minutes in which time the 
solution was brought to room temperature. This was accompanied by a slight darkening of 
the solution, and JR spectroscopy indicated a marked difference from the starting material. 
The solvent was removed in vacuo and the residue separated by tic using a solution of 
ethylacetate-dichloromethane-hexane (5:10:85) as eluent. The major red band was extracted 
and characterised as [Ru5C(CO)13(92-11 2 :1 2-C6F18-1,4)} 10 (24 mg). Single crystals of 10 
were nucleated from toluene at -25° C. 
Spectroscopic data for 10: JR (CH2Cl2): 1 (CO) 2084 (m), 2051 (s), 2033 (m, sh), 2016 (vs), 
1983 (w, br), 1942 (w, br) cm'; 1  H n.m.r. (CDCI3): 8 5.08 (m, 2H), 4.56 (m, 211), 2.03 (s, 411) ppm; 
MS: M = 962 (calc. = 962) amu. 
Crystal data and measurement details for 10: Formula C20H8013Ru5, Mr 961.6, Crystal 
size/mm 0.15 x 0.25 x 0.10, System Monoclinic, Space group P211rn, a/A 9.785(2), b/A 12.098(2), c/A 
11.273(3), OP 105.85(2)), u/A 3  1283.8, Z 2, F(000) 904, j.t(Mo-Ka)/cm' 28.8, 10 Range," 3-25, 0) Scan 
width/* 0.70, Maximum scan time/s 90, Measured reflections 2507, unique observed reflections [1> 2(J)] 
2286, No. of refined parameters 184, R 0.022, Rb  0.024,S0.62, g 0.058, k 1.00. 
140 
Reaction of [Ru5C(CO)13(p2-fl 2 2 -C6H8-1,4)] 10 with Me3N 0 
To a solution of [Ru5C(CO)13(.t2-71 2 :T] 2 -C6H8-1,4)] 10 (10 mg) in 
dichioromethane (10 ml), Me3NO (1 mg, 1.1 mol. equiv.) in dichioromethane (5 ml) was 
added dropwise over a period of 2 minutes. The reaction mixture was stirred for a further 
20 minutes, after which IR spectroscopy indicated no further reaction. The solvent was 
removed under a stream of nitrogen and the products separated by tic using a solution of 
ethylacetate-dichioromethane-hexane (5:10:85) as eluent. The major red band was extracted 
and characterised as [Ru5C(CO)12(93-71 2 :11 2 :T% 2-C6H6)] 3 (5 mg). 
Reaction of [Ru5C(C0)13(92-ri 2 :r1 2 -C6H 8-1,4)] 10 with cyclohexa-1,4-
diene and Me3N 0 
The compound [Ru5C(CO)13(9-7 2 :T1 2-C6H-1,4)] 10 (12 mg) was dissolved in 
dichloromethane (20 ml), and cyclohexa-1,4-diene (1.5 ml), and the solution cooled to - 
78 ° C. A solution of Me3NO (3 mg, 2.1 mol. equiv.) in dichioromethane (5 ml) was added 
dropwise over a period of 5 minutes. The mixture was stirred for a further 30 minutes 
whilst the solution was brought to room temperature. IR spectroscopy indicated complete 
consumption of the starting material. The solvent was removed in vacuo and the residue 
separated by column chromatography using a solution of dichloromethane-hexane (20:80) 
as eluent. The major brown product was extracted and characterised spectroscopically to be 
[Ru5C(CO)lI(t2-11 2 :71 2 -C6H8-1,4)21 11 (7 mg). Crystals suitable for X-ray 
crystallography were nucleated from a solution of dichioromethane-hexane, allowed to 
slowly evaporate. 
Spectroscopic data for 11: IR (CH2C12): i (CO) 2048 (m), 2017 (vs), 1984 (m, br), 1935 (w, br) 
cm - '; 1 H n.m.r. (CDCI3) @ 235 K: ö 5.13 (d, J = 7 Hz, 214), 4.84 (d, J = 18 Hz, IH), 4.67 (d, J = 7 Hz, 
2H), 4.55 (d, J = 18 Hz, IH), 4.24 (d, J = 7 Hz, 2H), 4.12 (d, J = 7 Hz, 2H), 3.81 (d, J = 18 Hz, 1H), 3.67 
(d, J = 18 Hz, 1H), 3.47 (d, J = 18 Hz, 114), 2.98 (d, J = 18 Hz, 1H), 2.49 (d, J = 18 Hz, IH) ppm (all 
signals are broad at room temperature); MS: M+ = 985 (calc. = 986) amu. 
Crystal data and measurement details for 11: Formula C24H16011Ru5,  Mr 985.7, Crystal 
size/mm 0.45 x 0.35 x 0.20, System Orthorhombic, Space group Pbam, a/A 31.469(9), b/A 13.572(4), 
c/A 12.682(5), U/A 3  5416.5, Z 8, F(000) 3744, p.(Mo-K(t)/cm 4 27.3, Range/' 3-25, w Scan width/* 
0.70, Maximum scan time/s 90, Measured reflections 5750, Unique observed reflections [I> 2cy(I)] 4591, 
No. of refined parameters 393, R 0.052, Rb  0.055, S 1.67, g 0.10, k 1.00. 
6.3 Experimental details for Chapter 3 
The cationic arene-capping fragments [Ru(arene)(MeCN)3] 2 (arene = C6H6, 
C6H5Me, C6FLMe2 and C61 -13Me3) were prepared according to the literature procedures 4 
Dihydrotoluene (1 -methylcyclohexa-2,5-diene), DBU (1 ,8-diazabicyclo[5. 4.0] undeca-7-
ene) and [PPN][Cl] [bis(triphenylphosphoranylidene)ammonium chloride (Ph3P=)N C1j 
were purchased from Aldrich chemicals, and dihydromesitylene (1,3,5-trimethylcyclohexa-
1,4-diene) was prepared by the literature method. 5 
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Reaction of [Ru6C(CO)17] 12 with cyclohexa-1,3-diene or cyclohexa-1,4-
diene and Me3N 0 
The compound [Ru6C(CO)17] 12 (100 mg) in dichloromethane (30 ml) containing 
excess cyclohexa-1,3-diene or cyclohexa-1,4-diene was cooled to -78CC and treated with 
Me3NO (15 mg, 2.2 mol. equiv.) added dropwise in dichloromethane (5 nil). The reaction 
mixture was stirred for 25 minutes during which it was allowed to warm to room 
temperature. The colour of the solution changed from purple to black, and IR spectroscopy 
showed that the starting material had been consumed. The solvent was removed in vacuo 
and the products separated by tic using a solution of dichloromethane-hexane (25:75) as 
eluent. The two brown bands were characterised by spectroscopic methods as 
[Ru6C(CO)15(t2-rl 2 :rI 2-C6H8)] 13 (19 mg), and [Ru6C(CO)14(1 6-C6H6)] 14 (24 mg). 
Crystals of 13 and 14 suitable for X-ray diffraction studies were grown from 
dichloromethane-hexane solutions by slow evaporation. 
Spectroscopic data for 13: IR (CH202): u (CO) 2082 (m), 2044 (s), 2030 (s), 1986 (m), 1836 
(w, br) cm- I; 1 H n.m.r. (CDCI3): 8 5.06 (in, 2H), 4.16 (rn, 2H), 2.16 (in, 2H), 0.95 (m, 2H) ppm; MS: 
= 1118 (calc. = 1119) amu. Analytical data, Found (CaIc.): C 23.53 (23.62), Fl 0.77 (0.72) %. 
Crystal data and measurement details for 13: Formula C22H8015Ru6,  Mr 1118.72, Crystal 
size/mm 0.15 x 0.25 x 0.10, System Monoclinic, Space group P211c, a/A 17.723(3), b/A 9.502(2), c/A 
18.443(5), 3/° 116.02(2), UIA 3 2792, Z 4, F(000) 2096, jt(Mo-K(x)/cm' 29.4 1, i3 Range!' 3-25, Co Scan 
width!' 1.40, Maximum scan time/s 100, Measured reflections 5384, Unique observed reflections [I> 2c(J)] 
2879, No. of refined parameters 389, R 0.043, Rb  0.046, 5 1.35, g 0.0015, ,k 1.1947. 
Spectroscopic data for 14: IR (CH2Cl2): u (CO) 2078 (m), 2026 (vs), 1816 (w, br) cm'; 1 H 
n.m.r. (CDCI3): 8 5.56 (s, 6H) ppm; MS: M = 1088 (calc. = 1089) amu. Analytical data, Found (Caic.): 
C 25.90 (23.17), H 1.69 (0.56) %. 
Crystal data and measurement details for 14: Formula C21H6014Ru6, Mr 1088.69, Crystal 
size/mm 0.12 x 0.20 x 0.10, System Orthorhombic, Space group P212121, a/A 8.924(6), b/A 16.332(6), 
c/A 18.299(9), U/A3  2667, Z 4, F(000) 2032, 11(Mo-K(x)/cm 1 30.74, i3 Ranger 2.5-25, w Scan width/' 
0.80, Maximum scan time/s 100, Measured reflections 4352, Unique observed reflections [I> 2a(J)] 3375, 
No. of refined parameters 372, R 0.024, R'b  0.025, S 1.04, g 0.0005, k 1.0280. 
Reaction of [Ru6C(CO)15(92-1 2 :11 2-C6H8)] 13 with Me3NO 
The compound [Ru6C(CO)15(p.2-11 2 :T1 2-C6H8)] 13 (10 mg) in dichloromethane (20 
ml) was treated with Me3NO (1 mg, 1.1 mol. equiv.) added dropwise in dichloromethane 
(3 ml). The reaction mixture was stirred for a further 15 minutes, and a darkening of the 
solution, as well as a change in the IR spectrum of the starting material was observed. The 
solvent was removed in vacuo, and the products separated by tic using a solution of 
dichloromethane-hexane (25:75) as eluent. The two bands were characterised 
spectroscopically to be the brown starting material, [Ru6C(CO)15(.t2-1l 2 :Tl2-C6H8)] 13 (5 
mg), and [Ru6C(CO)14(11 6-C6H6)] 14 (3 mg). 
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Reaction of [Ru6C(CO)14( 6 -C6H6)1 14 with cyclohexa-1,3-diene or 
cyclohexa-1,4-diene and Me3N 0 
The compound [Ru6C(CO)i4(i 6-C6H6)] 14 (30 mg) in dichioromethane (20 ml) 
containing excess cyclohexa-1,3-diene or cyclohexa-1,4-diene was cooled to -78°C. 
Me3NO (5 mg, 2.2 mol. equiv.) was added dropwise in dichloromethane (5 ml) over a five 
minute period. The reaction mixture was stirred for 30 minutes and brought to room 
temperature, after which time the IR spectrum indicated no further reaction. The solvent 
was removed under reduced pressure and the products separated by tic using a solution of 
dichioromethane-hexane (40:60) as eluent. In order of elution, the major brown band and 
minor orange and red bands were characterised spectroscopically as [Ru6C(CO)12(1 6-
C6H6)(L2 -12:1 2-C6H8)] (ii mg) 16, [Ru6C(CO)1 2(t3-Tl2:T12m2-C6H6)(t2-Tl2m2-C6H8)J 
15 (4 mg) and the known compound [Ru6C(CO)ii(r1 6-C6H6)(13-1 2 :1 2 :r1 2-C6H6)] 18 (4 
mg) respectively. Suitable crystals for X-ray studies were nucleated from solutions of 
dichioromethane-hexane, 15 via slow evaporation, and 16 by storage at -25°C for a 
prolonged period. 
Spectroscopic data for 15: IR (CH202): u (CO) 2044 (m), 2001 (vs), 1966 (w), 1821 (w, br) cm 
1; 1 H n.m.r. (CDCI3): 6 5.03 (m, 1H), 4.80 (m, 1H), 4.22 (s, 6H), 4.07 (m, 1H), 3.62 (m, 1H), 2.46 (m, 
1H), 2.02 (m, 1H), 1.13 (m, 1H), 0.95 (m, 1H) ppm; MS: M = 1112 (calc. = 1113) amu. Analytical data, 
Found (Calc.): C 27.01 (26.98), H 1.33 (1.27) %. 
Crystal data and measurement details for 15: Formula C25H14012Ru6,  Mr 1112.80, Crystal 
size/mm 0.18 x 0.25 x 0.13, System Orthorhombic, Space group Pna2i, a/A 20.536(3), b/A 9.843(3), c/A 
13.911(2), U/A3 2812, Z 4, F(000) 2096, t(Mo-K(x)/cm - ' 29.13, i) Range/' 2.5-20, CI) Scan width/' 0.70, 
Maximum scan time/s 60, Measured reflections 3744, Unique observed reflections [1> 2(3(01 3079, No. of 
refined parameters 421, R 0.026, R'b  0.029 7 S 1.41, g 0.0027, k 0.9971. 
Spectroscopic data for 16: IR (CH2Cl2): u (CO) 2049 (m), 2018 (vs), 2007 (s, sh), 1990 (w), 
1818 (w, br) cm -1 ; 1 H n.m.r. (CDC13): 6 5.56 (s, 611), 4.95 (m, IH), 4.90 (m, IH), 4.26 (m, 1H), 3.53 
(m, 111), 2.10 (m, 1H), 1.97 (m, IH), 1.00 (m, 1H), 0.83 (m, 1H) ppm; MS: M = 1112 (calc. = 1113) 
amu. Analytical data, Found (CaIc.): C 26.44 (26.98), H 1.11 (1.27) %. 
Crystal data and measurement details for 16: Formula C26H16C12012Ru6,  Mr 1197.73, Crystal 
size/mm 0.43 x 0.31 x 0.08, Temperature/K 150, System Triclinic, Space group Pibar, a/A 10.3 14(9), 
b/A 10.720(8), c/A 15.23(1), of° 74.24(l 0), /° 79.59(5), 'j/°  78.50(4), U/A 3 1574, Z 2, F(000) 1132, 
11(Mo-K(x)/cm' 27.65, 1) Range/' 2.5-22.5, w Scan width/* 1.20, Maximum scan time/s 66, Measured 
reflections 4033, Unique observed reflections [I> 2c(i)] 3497, No. of refined parameters 459, R 0.045, R'b 
0.048, S 1.00, g 0.0037, k 1.0000. 
Spectroscopic data for 18: IR (CH202): u (CO) 2044 (m), 2018 (vs), 2002 (s, sh), 1995 (m), 
1897 (w, br) cm - ; 'H n.m.r. (CDC13): 6 5.54 (s, 6H), 4.14 (s, 6H) ppm; MS: M = 1082 (calc. = 1083) 
amu. 
Thermolysis of [Ru6C(C0)12(93-7 2 :11 2 :i 2-C6H6)412-i 2 :i 2 -C6H8)J 15 
The compound [Ru6C(CO)1 2(.13-T12:112:112-C6H6)(J.12-fl2:fl2-C6U8)]  15 (4 mg) was 
heated in hexane (15 ml) under reflux for 24 hours during which period the reaction 
mixture turned brown. IR spectroscopy indicated complete consumption of the starting 
material. Spot tic revealed that a single product had formed. After removal of the solvent in 
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vacuo, the compound was characterised by spectroscopy as [Ru6C(CO)l2(T1 6-C6H6)(t2-
fl 2 :1 2- C6H8)1 16 (3 mg). 
Reaction of [Ru6C(CO) i2(.t3-T2:rI 2 : 2 -C6H 6)(12-11 2 :1 2 -C6H8)J 15 with 
Me3NO 
The compound 	 15 (5 mg) in 
dichioromethane (5 ml) was treated with Me3NO (1 mg, 1.1 mol. equiv.) added dropwise 
in dichloromethane (3 ml). The reaction mixture was stirred for 15 minutes, after which no 
apparent change in the JR spectrum was observed. The solvent was removed in vacuo, and 
the products separated by tic using a solution of dichioromethane-hexane (40:60) as eluent. 
The red band was extracted and characterised spectroscopically as [Ru6C(CO)11(11 6- 
C6H6%t3 -jj2 :'rj 2 :Tj 2-C6H6)1  18 (2 mg). 
Reaction of [RU6C(CO)12(1 6 -C6H6)(p2-11 2 :1 2-C6H8)J 16 with Me3N 0 
To a solution of [Ru6C(CO)12(11 6-C6H6)(92-1 2 :11 2-C6H8)] 16 (13 mg) in 
dichloromethane (10 ml), Me3NO (1 mg, 1.1 mol. equiv.) in dichioromethane (5 ml) was 
added dropwise over a period of a few minutes. The reaction mixture was stirred for a total 
time of 20 minutes. JR spectroscopy indicated no further change in reaction, hence, the 
solvent was removed in vacuo, and the products separated by tic using a solution of 
dichloromethane-hexane (40:60) as eluent. The brown and red bands were extracted and 
characterised by spectroscopy as [Ru6C(CO)12(7l 6-C6H6)(t2-11 2 :11 2-C6H8)1 16 (6 mg) and 
[Ru6C(CO)11 (i6-C6H6)  (.t3-ri 2 :fl 2 :11 2-C6H6)I 18 (2 mg), respectively. 
Reaction of [Ru6C(C0)12(fl 6-C6H6)(t2-T1 2 :11 2-C6H8)] 16 with [Ph3C][BF4] 
The compound [Ru6C(CO)12( 11 6- C6H6)(92 -11 2 : 11 2- C6H8)1 16 (18 mg) in 
dichloromethane (10 ml) was stirred with an excess of [Ph3C][BF4]  and the reaction 
mixture heated to reflux for 25 minutes. A dark suspension developed in the solution, 
which was allowed to settle for a few minutes. The solvent was decanted leaving a brown 
precipitate on the walls of the vessel, which was washed with hexane (4 x 2 ml aliquots) 
and then dichloromethane (3 x 2 ml aliquots), and redissolved in acetone or nitromethane. 
Slow evaporation from these solvents, as well as other attempts at crystallisation led only to 
the formation of a brown powder. The brown solid was characterised by spectroscopic 
methods as [Ru6C(CO)l2(1 6-C6H6)(93-11 1 :11 2 112-C6H7)][BF4] 17 (6 mg). 
Spectroscopic data for 17: IR (MeNO2): ti (CO) 2086 (m), 2047 (vs), 1998 (w), 1900 (w, br) cm 
1; 1 H n.m.r. (acetone-d6): 6 6.00 (s, 6H), 5.64 (m, 1H), 5.06 (m, 1H), 4.30 (m, 211), 3.22 (m, 211), 2.59 
(m, 111) ppm; MS: M = 1113 (caic. = 1112) amu. Analytical data, Found (Caic.): C 30.17 (25.05), H 
2.95 (1.09) %. 
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Reaction of [Ru6C(CO)12(fl 6 -C6H6)(93-11 1 :T1 2 :fl 2 -C6H7)][BF4] 17 with 
DBU 
The compound [Ru6C(CO)1 2(ri6-C6H6)(t3-l1 :1 2 :1 2-C6H7)] 17 (6 mg) was 
suspended in dichioromethane (10 ml), DBU (1 ,8-diazabicyclo[5.4.0]undeca-7-ene,  3 
drops) was added and the reaction mixture stirred for 15 minutes. Purification by filtration 
through a short silica column (2 cm) followed by removal of the solvent in vacuo affords a 
red-brown solid characterised spectroscopically as [Ru6C(CO)1 2(1 6-C6H6)(J.13-1 2:1 2:1 2.. 
C6H6)] 18 (5 mg). 
The one-pot preparation of [Ru6C(CO)12(1 6 -C6H6)(93-fl 2 :1 2 :Ti 2-C6H8)] 18 
A solution of [Ru6C(CO)17] 12 (150 mg) in dichioromethane (30 ml) containing a 
large excess of cyclohexa-1,3-diene (2 ml) was cooled to -78°C. To this solution, Me3NO 
(68 mg, 6.6 mol. equiv.) was added dropwise, also in dichloromethane. The reaction 
medium was allowed to warm slowly to room temperature over a period of I h. This was 
accompanied by a colour change from purple to black, and IR spectroscopy indicated a 
considerable change from that of the starting material. The solvent was removed in vacuo, 
and the products separated by tic using a solution of dichioromethane- hex ane (25:75) as 
eluent. A total of five products were extracted and characterised spectroscopically as 
[Ru6C(CO)l5(p.2- 2 : 2 -CH8)1 13 (6 mg), IiRu6C(CO)14(116-C6H6)]  14 (11 mg), 
[Ru6C(CO) i2(.L3-T1 2 :11 2 :T1 2 -C6H6)(12-11 2 :1 2-C6H8)1 15 (8 mg), [Ru6C(CO) 12(1 6 
C6H6)(t2-1 2:12-C6H8)} 16 (19 mg) and [Ru6C(CO)1 i(rl 6-C6F16)(.t3-1 2:11 2:1 2-C6H6)1 18 
(7 mg). 
Preparation of [Ru6C(CO)14(1 6 -arene)] (arene = C6H6 14, C6H5Me 19, 
C6H4Me2 20 and C6H3Me3 21) 
In a typical reaction, [Ru5C(CO)14][PPN]2 (200 mg) in dichloromethane (30 ml) 
was added dropwise to a refluxing solution of [Ru(1 6-arene)(MeCN)31[BF412 (1.1 mol. 
equiv.) in dichioromethane (30 ml). A total reflux time of 20 minutes was adequate to 
ensure complete reaction of starting material, indicated by IR spectroscopy. The resulting 
brown solution was filtered through a short silica column (3 cm), the solvent removed in 
vacuo and the brown product characterised by spectroscopic methods as the known 
compounds [Ru6C(CO)J4(fl 6-arene)] 14, 19, 20, 21 (80 - 90 %). Single crystals of 20 
used for data collection in the X-ray diffraction study were grown from a solution of 
toluene at -25°C. 
Spectroscopic data for 19: JR (CH2Cl2): u (CO) 2077 (m), 2025 (vs), 1983 (w), 1814 (w, br) cm 
1; 1 H n.m.r. (CDC13): 8 5.58 (m, 4H), 5.25 (m, 11-1), 2.21 (s, 314) ppm; MS: M = 1102 (calc. = 1103) 
am u. 
Spectroscopic data for 20: JR (CH202): 0 (CO) 2076 (m), 2023 (vs), 1982 (w), 1813 (w, br) cm 
1; 'H n.m.r. (CDCI3): 8 5.54 (m, 21f), 5.32 (m, 2H), 2.26 (s, 614) ppm; MS: M = 1118 (calc. = 1117) 
amu. Analytical data, Found (Caic.): C 24.72 (24.70), H 1.11 (0.90) %. 
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Crystal data and measurement details for 20: Formula C23H10014Ru6,  Mr 1116.73, System 
Triclinic, Space group Plbar, a/A 9.03(1), b/A 18.361(7), c/A 19.17(1), a!' 114.65(4), 3/' 90.31(7), y/° 
100.44(6), u/A 3 2827, Z 4, F(000) 2096, p.(Mo-Ka)/cm 1 31.9, 13 Range!' 3-25, co Scan width!' 0.7, 
Measured reflections 10236, Unique observed reflections [I> 2a(O]  9151, No. of refined parameters 777, R 
0.050, R'b  0.168, 5 1.97. 
Spectroscopic data for 21: JR (CH2C12): u (CO) 2075 (m), 2023 (vs), 1982 (w), 1812 (w, br) cm 
1; 'H n.m.r. (CDCI3): 6 5.30 (s, 3H), 2.32 (s, 9H) ppm; MS: M = 1130 (calc. = 113 1) amu. 
Preparation of [Ru6C(CO)12(11 6 -arene)(.I2-'fl 2 :rl 2 -C6Hs)] (arene = C6H5M e 
22, C61-I4Me2  23 or C61I3Me3  24) and [Ru6C(CO)11(7 6 -arene)(93-
fl 2 :1 2 :1 2-C6H6)J (arene = C6H5Me 25, C6H4Me2 26 or C6H3Me3  27) 
Typically, [Ru6C(CO)14(r1 6-arene)] 19, 20, 21 (30 mg) in dichioromethane (30 
ml) containing an excess of cyclohexa-1,3-diene or cyclohexa-1,4-diene (1 ml) was treated 
with Me3NO (2.1 mol. equiv.) added dropwise in dichloromethane (5 ml). The reaction 
mixture was stirred for a further 25 minutes, after which time IR spectroscopy indicated 
that all the starting material was exhausted. The solvent was removed in vacuo and the 
products separated by 1k using a solution of dichioromethane-hexane (40:60) as eluent. In 
order of elution, the major brown and minor red bands were characterised spectroscopically 
as [Ru6C(CO)12(71 6 -arene)412-11 2 :11 2 -C61­18)] 22, 23, 24 (20-30 %), and, 
[Ru6C(CO) ll(Tl 6-arene)(.L3-rl 2 :11 2 :11 2-C6H6)] 25, 26, 27 (5-10 %), respectively. Crystals 
from which X-ray diffraction data was collected were nucleated from the slow evaporation 
of a dichloromethane-hexane solution for both compounds 25 and 26. 
Spectroscopic data for 22: IR (CH2Cl2): u (CO) 2043 (m), 2000 (vs), 1967 (w), 1818 (w, br) cm 
1; 1 H n.m.r. (CDCI3): 6 5.59 (m, 111), 5.53 (m, IH), 5.49 (m, IH), 5.47 (m, 1H), 5.21 (m, 1H), 4.96 
(m, IH), 4.92 (m, 111), 4.26 (m, 1H), 3.52 (m, 1H), 2.22 (s, 311), 2.11 (in, IH), 1.97 (m, 1H), 1.00 (m, 
1H), 0.82 (m, 1H) ppm; MS: M = 1128 (calc. = 1127) amu. 
Spectroscopic data for 23: JR (CH2Cl2): u (CO) 2042 (m), 1999 (vs), 1964 (w), 1820 (w, br) cm 
1; 1 H n.m.r. (CDCI3): 6 5.59 (m, 2H), 5.23 (m, 2H), 4.94 (m, 1H), 4.85 (m, 1H), 4.22 (m, 1H), 3.48 
(m, IH), 2.26 (s, 3H), 2.23 (s, 3H), 2.16 (m, IH), 1.95 (m, 1H), 1.06 (m, 1H), 0.76 (m, 111) ppm; MS: 
M 4 = 1141 (calc.= 1141) amu. 
Spectroscopic data for 24: IR (CH2Cl2): u (CO) 2041(m), 1998 (vs), 1964 (w), 1814 (w, br) cm 
; H n.m.r. (CDCI3): 6 5.33 (s, 3H), 4.87 (m, 211), 4.15 (m, 1H), 3.52 (m, 1H), 2.30 (s, 9H), 2.07 (m, 
1H), 1.99 (m, IH), 1.03 (m, IH), 0.83 (m, 111) ppm; MS: M = 1155 (calc. = 1155) amu. Analytical data, 
Found (CaIc.): C 28.88 (29.12), H 1.87 (1.73) %. 
Spectroscopic data for 25: IR (C112C12): u (CO) 2038 (m), 2001 (vs), 1950 (w), 1797 (w, br) cm 
1; 1 H n.m.r. (CDCI3): 6 5.65 (m, 5H), 4.12 (s, 6H), 2.30 (s, 3H) ppm; MS: M = 1095 (calc. = 1097) 
amu. Analytical data, Found (Caic.): C 27.30 (27.35), H 1.20 (1.30) %. 
Crystal data and measurement details for 25: Formula C25H14C1201 lR116, Mr 1096.79, System 
Orthorhombic, Space group Pnma, a/A 9.035(5), b/A 14.796(2), c/A 20.534(4), U/A 3 2745, Z 4, F(000) 
2063, j.t(Mo-K(x)/cm 29.80, 15 Range!' 2.5-25, co Scan width!' 0.90, Maximum scan time/s 90, 
Measured reflections 9434, Unique observed reflections [I> 2a(1)] 1770, No. of refined parameters 226, R 
0.020, R'b  refined using unit weights, S 2.60, k 1.0000. Intensity data were collected in the triclinic 
system, but the structure was solved in the orthorhombic system. 
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Spectroscopic data for 26: IR (CH202): u (CO) 2037 (m), 2000 (vs), 1947 (w), 1797 (w, br) cm 
I; 'H n.m.r. (CDCI3): 5.53 (m, 2H), 5.27 (m, 2H), 4.10 (s, 614), 2.26 (s, 6H) ppm; MS: M = 1110 
(caic. = 1111) amu. Analytical data, Found (CaIc.): C 27.95 (28.10), H 1.50 (1.45) %. 
Crystal data and measurement details for 26: Formula C27HI8C12012Ru6,  Mr 1195.76, System 
Monoclinic, Space group P2 11n, a/A 18.27(2), b/A 9.729(2), c/A 34.39(2), /' 94.94(6), u/A 3  6090, Z 8, 
F(000) 4360, jJ.(Mo-Ka)/cm 1 27.71, 19 Range!' 2.5-25, w Scan width!' 0.80, Maximum scan time/s 60, 
Measured reflections 11578, Unique observed reflections [I > 2a(J)J 7833, No. of refined parameters 785, R 
0.058, R'b  0.062, 5 4.6, g 0.00074, k 4.1500. 
Spectroscopic data for 27: IR (C112C12): u (CO) 2037 (m), 1999 (vs), 1944 (w), 1793 (w, br) cm 
; 'H n.m.r. (CDCI3): 8 5.55 (s, 3H), 4.09 (s, 6H), 2.29 (s, 9H) ppm; MS: M = 1126 (calc. = 1125) 
amu. 
Conversion of [Ru6C(CO)12( 11 6 -arene)(92 - rI 2 :1 2- C6H8)1 (arene = C6H5Me 
22, C6H4Me2  23 or C6H3Me3  24) to LRu6C(CO)11(11 6 -arene)(93-11 2 :r1 2 :1 2 -
C6H6)] (arene = C6H5Me 25, C6H4Me2  26 or C6H3Me3  27), respectively 
Typically, [Ru6C(CO)12(1 6-arene)(92-11 2 :Ti 2-C6H8)I 22, 23, 24 (10 mg) was 
dissolved in dichioromethane (20 ml). Me3NO (1.1 mol. equiv.) in dichloromethane (5 ml) 
was added dropwise over a period of a few minutes. The solution was stirred for a total of 
20 minutes and IR spectroscopy, used to monitor the reaction, showed no further change 
thereafter. The solvent was removed in vacuo, and the products separated by tic, eluting 
with a solution of dichloromethane-hexane (40:60). The two bands were extracted and 
characterised spectroscopically as the brown starting material, [Ru6C(CO)12(1 6-arene)(L2-
r 2 :11 2-C6H8)] 22, 23, 24 (40-60 %), and red, [Ru6C(CO)11(fl 6-arene)(.L3-11 2 :T1 2 :11 2-
C6H6)J 25, 26, 27 (5-10 %). 
Preparation of [Ru6C(CO)11 (TI  6 -arene)(.L3-TI 2 :1 2 :1 2 -C6H 6)]  (arene = 
C6H5Me 25 and C6H3Me3  27) from [Ru6C(CO)14(1 6 C6H6)J 14 
The compound [Ru6C(CO)14(1 6-C6H6)] 14 (25 mg) in dichloromethane (20 ml) 
containing an excess of dihydrotoluene or dihydromesitylene was cooled to 78eC.  The 
solution was treated with Me3NO (3.1 mol. equiv.) added dropwise in dichloromethane (5 
ml). The reaction mixture was stirred for a further 30 minutes, after which time IR 
spectroscopy indicated that all the starting material had been consumed. The solvent was 
removed under reduced pressure and the products separated by tic using a solution of 
dichioromethane-hexane (40:60) as eluent. The major red bands were extracted and 
characterised spectroscopically as [Ru6C(CO)11 ( 6-arene) (,.t31 2:1 2 :1 2..c6H6)] 25, 27 
(-20 %). 
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Conversion of [Ru6C(CO)11 (1 6 -arene)(93-11 2 :7 2 :11 2 -C6H6)1 (arene = C6H6 
18, C6H5Me 25, C6H4Me2  26 or C6H3Me3  27) to [Ru6C(C0)i1(T 6 -
arene)(1 6 -C6H6)] (arene = C6H6 28, C6H5Me  29,  C6H4Me2  30 or 
C6H3Me3 31), respectively 
In a typical reaction, [Ru6C(CO)ll(fl 6-arene)(93-Tl 2 :T 2 :11 2-C6H6)] 18, 25, 26, 27 
(5 mg) was dissolved in dichloromethane (10 ml) or dichloromethane-tetrahydrofuran (1:9, 
v/v. 10 ml) and stored at -25°C. The solution was monitored periodically by IR 
spectroscopy. Over a period of 10 - 15 weeks, JR spectroscopy indicated isomerisation to 
[Ru6C(CO)1l(1 6-arene)(T1 6-C6F16)] 28, 29, 30 and 31 (30-95 %). Compounds 28 - 30 
were assigned solely on IR evidence, while 31 has been thoroughly characterised by 
spectroscopic and crystallographic analyses. Crystals of 31 suitable for this purpose were 
nucleated from a dichloromethane-hexane solution at -25°C. 
Spectroscopic data compound for 28: IR (CH2C12): u (CO) 2052 (m), 2001 (vs), 1949 (w), 1800 
(w, br) cm -1 . 
Spectroscopic data for compound 29: JR (CH2Cl2): u (CO) 2051 (m), 2000 (vs), 1950 (w), 1796 
(w, br) cm. 
Spectroscopic data for compound 30: JR (CH202): 1) (CO) 2050 (m), 1999 (vs), 1947 (w), 1796 
(w, br) cm* 
Spectroscopic data for compound 31: JR (CH202): u (CO) 2048 (in), 1996 (vs), 1948 (w), 1792 
(w, br) cm -1 ; 111 n.m.r. (CDCI3): ö 5.57 (s, 611), 5.50 (s, 3H), 2.32 (s, 911) ppm; MS: M = 1125 (calc. = 
1125) amu. Analytical data, Found (Caic.): C 28.69 (28.88), H 1.81 (1.60) %. 
Crystal data and measurement details for 31: Formula C27H180I1Ru6, Mr 1124.6, System 
Orthorhombic, Space group Pbca, a/A 15.996(5), b/A 15.997(5), c/A 23.81 (1) , U/A3 6094, Z 8, F(000) 
4256, 11(Mo-K(x)/cm 26.87, 13 Range/* 2.5-25, (o Scan width!' 0.60, Maximum scan time/s 90, 
Measured reflections 5896, Unique observed reflections [I> 2a(J)I 1728, No. of refined parameters 324, R 
0.035, R" 0.033, S 1.2, k 1.51, g 0.00047. 
Conversion of [Ru6C(C0)ll(7i6-arene)(r16-C6H6)1 (arene = C6H6 28, 
C6H5Me 29, C6H4Me2  30 and C6H3Me3  31) back to IRu6C(CO)11(r1 6 -
arene)(.13-n 2 :ri 2 :T 2 -C6H6)1 (arene = C6H6 18, C6H5Me 25, C6H4Me2 26 
and C6H3Me3 27), respectively 
A suspension of [Ru6C(CO)ll(T1 6-arene)(1 6-C61-16)] 28, 29, 30, 31 (2 mg) in 
hexane (20 ml), containing dichloromethane (1 ml, to aid solubility) was heated to reflux 
for 7 hours. During this time the reaction was monitored by IR spectroscopy, which 
indicated regeneration of the original isomers [Ru6C(CO)lI(1 6-arene)(93-11 2:1I2 :11 2-C6H6)1 
18, 25, 26, 27 (30-50 %). Spot tic was also used to test the reaction mixture, which 
showed two compounds were present, presumably the two isomers, as well as some quite 
considerable amount of inextractable decomposition material. 
6.4 Experimental details for Chapter 4 
Dihydromesitylene (1,3,5-trimethylcyclohexa-1,4-diene) was prepared by Birch 
reduction according to the literature procedure. 5 Dihydrotoluene (1-methyicyciohexa-2,5-
diene) and toluene-d8 were purchased from Aldrich Chemicals. [2.2]paracyclophane was 
used as purchased from Fluka Chemicals. The capping fragment [Rh(r1 5 -
C5Me5)(MeCN)31 2 was prepared according to the literature procedure 6 Dicyclopentadiene 
was 'cracked' into cyclopentadiene monomer units directly before use. 
Reaction of [Ru6C(CO)14( 6-C6H5Me)1 19 with dihydrotoluene and Me3NO 
The compound [Ru6C(CO)14(I1 6- C61-l5Me)] 19 (30 mg) in dichloromethane (30 
ml) containing an excess of dihydrotoluene was cooled to -78°C. The solution was treated 
with Me3NO (2.1 mol. equiv.) added dropwise in dichloromethane (5 ml). The reaction 
mixture was stirred for 25 minutes, during which time the solution was warmed to room 
temperature. JR spectroscopy indicated complete consumption of the starting material. The 
solvent was removed in vacuo and the products isolated by tic eluting with a solution of 
dichioromethane-hexane (30:70). The major brown band could just be resolved into four 
minor bands, but on re-dissolving each band rapidly reverted back into the same 
distribution of four products, which were characterised spectroscopically to be four 
isomers of formula [Ru6C(CO)12(C6H5Me)(C6H7Me)] 32 (12 mg). The minor red band 
was characterised by spectroscopic methods to be [Ru6C(CO)ll(1 6-C6H5Me)(13- 
11 2 : 11 2 :r1 2-C6H5Me)J 33 (5 mg). Nucleation of compound 33a from dichloromethane 
layered with hexane afforded high quality single crystals from which X-ray diffraction data 
was collected. 
Spectroscopic data for 32: IR (CH2Cl2): u (CO) 2047 (m), 1999 (vs), 1976 (w), 1795 (w, br) cm 
1; MS: M = 1140 (calc. = 1141) amu. 
Spectroscopic data for 33a: JR (CH2Cl2): u (CO) 2037 (m), 1999 (vs), 1949 (w), 1795 (w, br) 
cm'; 'H n.m.r. (CDCI3): 8 5.73 (d, 2H), 5.49 (t, 2H), 5.02 (t, 11-1), 4.36 (t, 11-i), 4.18 (d, 2H), 3.76 (t, 
2H), 2.32 (s, 3H), 2.21 (s, 3H) ppm, J = 6 H for all couplings; MS: M = 1110 (calc. = 1111) amu. 
Crystal data and measurement details for 33a: Formula C26H16011Ru6, Mr 1111, Crystal 
size/mm 0.12 x 0.15 x 0.10, System Triclinic, Space group Plbar, a/A 10.156(2), b/A 17.286(4), c/A 
9.421(3), cx/° 93.92(2), 0/' 111.69(2), ,y/' 79.71(2), u/A3  1512, Z 2, F(000) 1080, i.L(Mo-Kcz)/cm 1 30.41, 
i5 Range/* 3-25, Measured reflections 5635, Unique observed reflections [I> 2a(I)] 3252, No. of refined 
parameters 396, R 0.03 1, R'b 0.075, S 1.02. 
Reaction of [Ru6C(CO)12(C6H5Me)(C6H7Me)1 32 with Me3NO 
To a solution of [Ru6C(CO)l2(C6H5Me)(C6H7Me)1 32 (9 mg) in dichloromethane 
(20 ml), Me3NO (1 mg, 1.1 mol. equiv.) also in dichloromethane (3 ml) was added 
dropwise. The reaction mixture was stirred for a further 15 minutes, after which IR 
spectroscopy indicated no further reaction. The solvent was removed in vacuo and the 
products separated by tic using a solution of dichloromethane-hexane (40:60) as eluent. 
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The brown and red bands were extracted and characterised spectroscopically as the starting 
material [Ru6C(CO)12(C6H5Me)(C6H7Me)I 32 (6 mg) and [Ru6C(CO)ll(C6H5Me)21 33 
(3 mg) respectively. 
Reaction of [Ru6C(CO)14(fl 6 -C6H4Me2)] 20 with xylene and Me3NO 
The compound [Ru6C(CO)14(1 6-C6H4Me2)1 20 (43 mg) was dissolved in a 
solution of dichlorometh ane- acetone- xy lene (6:1:1, 40 ml in total). Me3NO (11 mg, 3.1 
mol. equiv.) was added dropwise over a 5 minute period. The mixture was stirred at room 
temperature for 40 IIinLI1CS and the reaction monitored by JR spectroscopy, after which 
time no noticeable change was apparent. The solvent mixture was removed in vacuo, and 
the product obtained by tic using a solution of dichloromethane-hexane (30:70) as eluent. 
The brown band was extracted and characterised by spectroscopy as [Ru6C(CO)1 i(Ti6 
C6H4Me2)21 34 (7 mg). 
Spectroscopic data for 34: JR (CH2Cl2): u (CO) 2034 (m), 1994 (vs), 1974 (s), 1938 (m), 1865 
(w, br), 1799 (w, br) cm -1 ; 'H n.m.r. (CD2Cl2): 6 5.53 (t, J = 1.2 Hz, IH), 5.32 (t, J = 6 Hz, 111), 5.13 
(d of d, J = 6 Hz, 1.2 Hz, 211), 2.15 (s, 6H) ppm; MS: M = 1137 (calc. = 1139) amu. 
Crystal data and measurement details for 34: Formula C281120011Ru6, Mr 1138.8, Crystal 
size/mm 0.10 x 0.15 x 0.13, System Monoclinic, Space group Pn, a/A 10.242(3), b/A 14.047(6), c/A 
11.242(2), /' 106.15(2), u/A3 1553, Z 2, 10 Range!' 3-25, Measured reflections 2879, Unique observed 
reflections [I> 2(J)J 2879, R 0.044, R'b  0.103, S 1.13. 
Reaction of [Ru6C(CO)14(T1 6 -C6H3Me3)1 21 with dihydromesitylene and 
Me3NO 
The compound [Ru6C(CO)14(fl 6-C6H3Me3)] 21 (50 mg) in dichloromethane (50 
ml) in the presence of excess dihydromesitylene (1.5 ml) was treated with Me3NO (11 mg, 
3.1 mol. equiv.) added dropwise over a 5 minute period. The mixture was stirred at room 
temperature for 45 minutes and the reaction monitored by JR spectroscopy, ensuring 
complete conversion of the starting material. The solvent was removed in vacuo, and the 
product obtained by tic using a solution of dichloromethane-hexane (30:70) as eluent. The 
brown band was extracted and characterised by spectroscopy as [Ru6C(CO)1l(T 6-
C6H3Me3)2] 35 (8 mg). Single crystals suitable for X-ray diffraction were grown from a 
dichioromethane solution into which pentane diffused slowly. 
Spectroscopic data for 35: IR (CH2CJ2): u (CO) 2035 (m), 1994 (vs), 1972 (s), 1934 (m), 1793 
(w, br) cm -1 ; 111 n.m.r. (CD2Cl2): 6 5.29 (s, 6H), 2.17 (s, 1811) ppm; MS: M = 1167 (calc. = 1167) 
amu. Analytical data, Found (Calc.): C 30.71 (30.87), H 2.28 (2.06) %. 
Crystal data and measurement details for 35: Formula C30H24011Ru6, Mr 1166.7, Crystal 
size/mm 0.14 x 0.12 x 0.15, System Monoclinic, Space group P2 11c, a/A 10.084(1), b/A 16.985(3), c/A 
19.425(5), /' 88.94(1), U/A 3  3326, Z 4, F(000) 2224, .t(Mo-K(x)/cm 4 24.63, i3 Range!' 2.5-25, 
Measured reflections 6231, Unique observed reflections [1> 2cr(J)] 4437, No. of refined parameters 431, R 
0.032, R'b  0.035, S 1.3, k 1. 19, g 0.00087. 
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Thermolysis of [Ru3(CO)12] with [2.2]paracyclophane in octane 
The compound [Ru3(CO)12] (500 mg) in octane (40 ml) containing an excess of 
[2.2]paracyclophane (50 mg) was heated to a vigorous reflux for 4 h. Monitoring the 
reaction by IR spectroscopy and spot tic indicated that 4 h was about an optimum time, in 
which the balance between remaining starting material and decomposition products was 
achieved. The solvent was removed in vacuo and the products separated by column 
chromatography using a solution of dichloromethane-hexane (50:50) as eluent. The orange 
and brown bands were characterised by spectroscopy as [Ru6C(CO)14(t3-11 2 :7I 2 :rI 2 -
C161-110II 36 (48 mg) and [Ru6C(CO)11(,16-C16H16)(93-112:12:12-C16H16)] 37 (14 mg), 
in order of elution. Crystallisation of 36 was achieved by the slow evaporation of a 
dichioromethane-hexane solution, while crystals of 37 were nucleated from toluene at - 
25°C. 
Spectroscopic data for 36: IR (CH2Cl2): u (CO) 2076 (w), 2039 (s), 2024 (vs), 1982 (w, br), 
1940 (w, br), 1814 (w, br) cm- I; 1 H n.m.r. (CDCI3): 6 7.44 (s, 4H), 3.43 (s, 4H), 3.40 (m, 4H), 2.98 (m, 
4H) ppm; MS: M = 1219 (calc. = 1219) amu. Analytical data, Found (Caic.): C 30.51 (30.54), H 1.38 
(1.31) %. 
Crystal data and measurement details for 36: Formula C31Hl6014Ru6, Mr 1218.81, System 
Triclinic, Space group Pibar, a/A 10.193(3), b/A 10.3 11(3), c/A 16.377(5), at 88.45(2),0/' 87.52(2), y/° 
72.48(2), U/A 3  1638, Z 2, F(000) 1156, p(Mo-K(x)/cm 1 27.2, 10 Range!' 2.5-22.5, Measured reflections 
5607, Unique observed reflections 11> 2a(/)] 3594, No. of refined parameters 455, R 0.044, Rb 0.056, S 
1.04. 
Spectroscopic data for 37: IR (CH2Cl2): u (CO) 2031(s), 1995 (vs), 1944 (w), 1786 (w, br) cm - 
1-1  MS: M = 1344 (calc. = 1343) amu. 
Crystal data and measurement details for 37: Formula C44H320 11R 116, Mr 1343.12, Crystal 
size/mm 0.28 x 0.28 x 0.28, System Monoclinic, Space group P211a, a/A 19.295(1), b/A 10.487(3), c/A 
20.190(5), /' 93.74(1), u/A 3  4077, Z 4, F(000) 2592, li(Mo-Ka)/cm 20.53, 13 Range/' 2.2-25, 
Measured reflections 5609, unique observed reflections [1> 2cT(I)] 5152, No. of refined parameters 330, R 
0.068, R'b 0.177, S 1.04, k 2.05, g 0.00087. 
Thermolysis of [Ru6C(CO)14(p3-r1 2 :11 2 :11 2 -C16H16)1 36 with [2.2]para-
cyclophane in octane 
The compound [Ru6C(CO)14U.13-T1 2 :11 2 :112-C16H16)] 36 (100 mg) in octane (25 
ml) containing an excess of [2.2]paracyclophane (50 mg) was heated to reflux for 6 h. IR 
spectroscopy indicated complete consumption of starting material after this time. The 
solvent was removed in vacuo and the products separated by tic using a solution of 
dichloromethane-hexane (50:50) as eluent. The brown band was characterised by 
spectroscopy as (Ru6C(CO)1l(1 6-Cl6HI6)(13-11 2 m 2 :11 2-C16H16)] 37 (8 mg). A large 
amount of decomposition was also experienced. 
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Reaction of [Ru6C(CO)14(p3-1 2 :1 2 :1 2 -C 161116)1 36 with cyclohexa-1,3-
diene and Me3N 0 
The compound [Ru6C(CO)14(93-11 2 :T1 2 :11 2-C16F116)] 36 (36 mg) was dissolved in 
dichloromethane (20 ml) containing an excess of cyclohexa-1,3-diene (1.5 ml) and cooled 
to -78°C. Me3NO (5 mg, 2.1 mol. equiv.) was added dropwise, and the reaction mixture 
allowed to slowly warm to room temperature. After 25 minutes, IR spectroscopy indicated 
that the reaction had reached completion and the reaction was stopped. The solvent was 
removed in vacuo and the products isolated by tic eluting with dichioromethane-hexane 
(40:60) as eluent. An orange band was extracted and characterised spectroscopically as 
Ru6C(CO) i2(.t3-Tl 2 :rI 2 :fl 2-Ci6Hi6)(.t2-11 2 :T1 2-C6H8)1 38 (7 mg). 
Spectroscopic data for 38: IR (C112C12): u (CO) 2015 (vs), 2005 (s, sh), 1893 (w, br), 1786 (w, 
br) cm -1 ; MS: M = 1242 (calc. = 1243) amu. Analytical data, Found (Caic.): C 33.02 (33.82), 1-1 2.07 
(1.95) %. 
Crystal data and measurement details for 38: Formula C35H24012Ru6, Mr 1242.96, Crystal 
size/mm 0.41 x 0.03 x 0.25, System Monoclinic, Space group P211a, a/A 19.819(3), b/A 9.887(2), c/A 
20.864(4), 3/° 111.78(3), U/A 3 3797, Z 4, F(000) 2376, D/gcm 1 2.18, jj.(Mo-Ka)/cm 1 21.75, 3 
Range/' 2.5-22.5, Measured reflections 5032, Unique observed reflections [I> 2a(J)] 4809, No. of refined 
parameters 479, R 0.062, R'b  0.153, 5 1.05, g 0.002, k 1. 
Reaction of [Ru5C(CO)14] 2  with [Rh(1 5-05Me5)(MeCN)3] 2 
The compound [Ru5C(CO)14][PPN]2 (100 mg) in dichioromethane (25 ml) was 
added dropwise over a 10 minute period to a refluxing solution of [Rh( 5 -
C5Me5)(MeCN)31[BF4]2 (27 mg) in dichloromethane (25 ml). The reaction mixture was 
heated under reflux for an additional 20 minutes alter which time a dark brown solution 
resulted. IR spectroscopy indicated complete consumption of the starting material. One 
brown product was extracted after filtration through a short column containing silica (3 
cm). The product was characterised by spectroscopy as [Ru5RhC(CO)14(I1 5-05Me5)] 39 
(48 mg). Compound 39 was crystallised from a solution of dichloromethane-hexane at - 
25°C. 
Spectroscopic data for 39: IR (CH2Cl2): (CO) 2074 (m), 2024 (vs), 1979 (w), 1811 (w, br) cm 
1; Ifl n.m.r. (CDCI3): 82.16 (s, 1514) ppm; MS: M = 1147 (calc. = 1148) amu. 
Crystal data and measurement details for 39: Formula C25H15014RhRu5, Mr 1147.6, Crystal 
size/mm 0.78 x 0.39 x 0.19, System Triclinic, Space group Pibar, a/A 9.341(1), b/A 10.955(2), c/A 
17.058(3), a!° 92.464(8), f/° 100.60(1), y/° 114.835(9), u/A3 1543, Z 2, 29 Range/' 5-45, Measured 
reflections 5690, Unique observed reflections [I> 2a(J)] 3739, R 0.019, R'b  0.028, 5 1.07. 
Reaction of [Ru5RhC(C0)14(j1 5-05Me5)1 39 with cyclohexa-1,3-diene and 
Me3NO 
An excess of cyclohexa-1,3-diene (1.5 ml) was added to a solution of 
[Ru5RhC(CO)14(1 5-05Me5)] 39 (33 mg) in dichioromethane (30 ml) and cooled to 0°C. 
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Me3NO (7 mg, 3.1 mol. equiv.) in dichioromethane (10 ml) was added dropwise and the 
reaction mixture allowed to warm to room temperature. After stirring for 30 minutes JR 
spectroscopy indicated complete consumption of starting material. The resultant dark 
brown solution was filtered and the solvent removed from the filtrate under reduced 
pressure. The residue was separated by tic using a solution of dichloromethane-hexane 
(40:60) as eluent. The red band was removed and characterised spectroscopically as 
[Ru5RhC(CO)11 (1S-CSMes)(.L3-Tl 2:11 2 :T'I 2-C6H6)1 40 (6 mg). 
Spectroscopic data for 40: IR (CH2Cl2): u (CO) 2034 (m), 1998 (vs), 1940 (w), 1889 (w, br) cm 
1; 1 H n.m.r. (CDCI3): 64.13 (s, 6H), 2.07 (s, 15H) ppm; MS: M = 1143 (calc. = 1142) amu. 
Reaction of LRu5RhC(CO)14(1 5 -05Me5)] 39 with cyclopentadiene and 
Me3NO 
The compound [Ru5RhC(CO)14(fl 5 -05Me5)] 39 (30 mg) was dissolved in 
dichioromethane (30 ml) containing an excess of cyclopentadiene (1.5 ml) and cooled to 
0°C. Me3NO (6 mg, 3.1 mol. equiv.) in dichloromethane (10 ml) was added dropwise and 
the reaction mixture allowed to warm to room temperature. After stirring for 25 minutes IR 
spectroscopy indicated complete consumption of starting material. The resultant dark 
brown solution was filtered and the solvent removed from the filtrate in vacuo. The 
products were separated by tic eluting with a solution of dichioromethane-hexane (40:60). 
The brown band was extracted and characterised by spectroscopy as [Ru5RhC(CO)9(11 5 -
C5Me5)(1 5-05H5)2] 41 (6 mg). High quality single crystals of 41 were nucleated from a 
solution of dichloromethane-hexane at -25°C after storage for several weeks. 
Spectroscopic data for 41: IR (CH2Cl2): u (CO) 2031 (s), 1990 (vs), 1982 (vs), 1930 (m) cm- I; 
1 H n.m.r. (CDCI3): 6 5.14 (s, 10H), 1.87 (d, 15H) ppm; MS: MI = 1139 (calc. = 1138) amu. 
Crystal data and measurement details for 41: Formula C30H25O9RhRu5, Mr 1137.7, Crystal size/mm 
0.86 x 0.66 x 0.19, System Monoclinic, Space group C21c, a/A 20.429(16), b/A 23.018(19), c/A 
16.779(15), f3/° 126.59(3), U/A 3 6335, Z 8, 213 Ranger 5-45, Measured reflections 4217, Unique observed 
reflections [I> 2(1)] 3933, R 0.025, R'b  0.038, S 1.26. 
6.5 Experimental details for Chapter 5 
The arene 1,3,5-triethylbenzene was purchased from Fluka Chemicals and used 
without any additional purification or drying. 
The structure of neutral organometallic crystals can be evaluated using the atom-
atom pairwise potential energy method, by means of the expression p.p.e. = 
exp(Brj) - Cr16]. In this expression, p.p.e. represents the packing potential energy and nj 
the non-bonded atom-atom intermolecular distance. Index i in the summation runs over all 
atoms of one molecule (chosen as a reference molecule) and index j over the atoms of the 
surrounding molecules distributed according to crystal symmetry. It is worth emphasising 
that the pairwise potential energy method is used only as a means to investigate the spatial 
distribution of the molecules around the one chosen as reference, and does not give the 
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'true' crystal potential energy values. Details of the application of this method to 
organometallic molecules are found in the literature. 7 
Crystallisation of [Ru6C(C 0)17112 
Crystals of 12a were nucleated from a solution of benzene when cooled from 
150°C to room temperature over a twelve hour period. 12b/12b' was crystallised by slow 
evaporation from a solution of dichloromethane-hexane. 
Crystal data and measurement details for 12a: Formula C18017Ru6,  Mr 1094.6, Crystal 
size/mm 0.10 x 0.16 x 0.10, System Monoclinic, Space group P211n, a/A 9.19(1), b/A 32.043(9), c/A 
9.598(4), 3/' 111.93(3), u/A 3 2622, Z 4, F(000) 2032, 4(Mo-K(x)/cm 1 31.35, 2,6 Range/' 5-50, 
Measured reflections 4755, Unique observed reflections [I> 2cy(I)] 2764, No. of refined parameters 370, R 
0.076, R'b  0.079, S 2.79, K 3.0, g 0.0012. 
Crystal data and measurement details for 12b/12b': Formula C18017Ru6,  Mr 1094.6, Crystal 
size/mm 0.12 x 0.12 x 0.15, System Monoclinic, Space group P21a, a/A 17.668(2), b/A 9.335(1), c/A 
24.057(7), p3/' 97.96(2), U/A3 3929, Z 6, F(000) 3048, lL(Mo-K(x)/cm 1 31.39, 23 Range/' 5-56, 
Measured reflections 10288, Unique observed reflections [I> 2(/)} 7656, No. of refined parameters 557, R 
0.023, Rb 0.028, S 1.20, K 1.0, g 0.0010. 
Thermolysis of [Ru3(C0)12] with 1,3,5-triethylbenzene in octane 
The compound [Ru3(CO)12] (500 mg) in octane (25 ml) containing an excess of 
1,3,5-triethylbenzene (2 ml) was heated to a vigorous reflux for 4 h. Monitoring the 
reaction by JR spectroscopy and spot tic indicated that this time was adequate to ensure the 
starting material had been consumed. The solvent was removed under reduced pressure and 
the products separated by column chromatography using a solution of dichioromethane-
hexane (30:70) as eluent. The brown band was characterised by spectroscopy as 
I1Ru6C(CO)14rl6-C6I-I3Et3)] 42 (127 mg). Suitable crystals of 42 for an X-ray diffraction 
data collection were nucleated from a solution of toluene allowed to slowly evaporate. 
Spectroscopic data for 42: IR (CH2Cl2): U (CO) 2075 (m), 2023 (vs), 1997 (w), 1981 (w), 1970 
(w) cm-1 ; 'H n.m.r. (CDCI3): 8 5.36 (s, 3H), 2.38 (m, 6H), 1.20 (m, 9H) ppm; MS: M = 1173 (calc. = 
1173) amu. Analytical data, Found (Calc.): C 27.95 (27.80), H 1.60 (1.54) %. 
Crystal data and measurement details for 42: Formula C27H18014Ru6, Mr 1172.83, System 
Monoclinic, Space group P211rn, a/A 9.481(4), b/A 15.93 1(4), c/A 11.505(8), 1/' 108.09(4), U/A 3 1652, 
Z 2, F(000) 1112, p.(Mo-K(x)/cm' 27.4, 10 Range/* 2.5-30, Measured reflections 5180, Unique observed 
reflections [I> 2(J)] 4501, No. of refined parameters 241, R 0.049, R'b  0.137, S 1.06. 
Co-crystallisation of [Ru6C(C0)14(1 6-C6H4Me2)1 43a and [Ru6C(C0)11- 
(1 6 -C6H4Me2)2] 43b 
Equimolar amounts of [Ru6C(CO)14(T1 6-C6H4Me2)] 20 and [Ru6C(CO)i1( 6- 
C6H4Me2)2] 34 were dissolved in dichloromethane. Pentane was allowed to diffuse into 
the solution. After several days, the solution was filtered and dark brown crystals were 
collected. Individual crystals were dissolved in dichloromethane and analysed by infrared 
spectroscopy. The two typicalu co profiles for the two compounds were distinguishable. 
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Crystal data and measurement details for 43 (a and b): Crystal data and measurement details: 
Formula C25  SH1SO12SRu6, Mr 1127.8, Crystal size/mm 0.13 x 0.10 x 0.14, System Triclinic, Space 
group Pibar, a/A 9.852(4), b/A 10.444(9), c/A 32.320(10), a/' 95.65(5), /' 92.03(4), y/' 115.29(4), 
u/A 3 2981, Z 4, F(000) 2128, D/gcm 1 2.51, l.t(Mo-Ka)/cm 27.84, i) Range/' 2-25, Measured 
reflections 9915, Unique observed reflections [!>2c(J)] 9641, No. of refined parameters 793, R 0.082, R'b 
0.233, S 1.2, g 0.0030, k 0.7. 
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